
Higgs and Flavor

Gilad Perez
Weizmann Inst.

Delaunay, Golling, GP & Soreq (13);
Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14);

GP, Soreq, Stamou & a (15)x2;
Ghosh, Gupta & GP (15);

Gupta, Komargodski, GP & Ubaldi (15)



AcLeptQ
Entries  4
Mean    64.37
RMS     32.51

(GeV)
T

Lepton p
0 20 40 60 80 100 120

)
C

di
ffe

re
nt

ia
l a

sy
m

m
et

ry
(A

0

0.002

0.004

0.006

0.008

0.01 AcLeptQ
Entries  4
Mean    64.37
RMS     32.51

2
T,t+P2

t=m2Q

2
T,t+P2

t=m2Q
)2

T,t+P2
t

=4.0(m2Q
)2

T,t+P2
t

=0.25(m2Q

AlLeptQ
Entries  4
Mean      146
RMS     73.82

(GeV)Lepton P{T}
0 20 40 60 80 100 120

) l
di

ffe
re

nt
ia

l a
sy

m
m

et
ry

(A

-0.001

0

0.001

0.002

0.003

0.004

0.005

0.006 AlLeptQ
Entries  4
Mean      146
RMS     73.82

2
T,t+P2

t=m2Q

2
T,t+P2

t=m2Q
)2

T,t+P2
t

=4.0(m2Q
)2

T,t+P2
t

=0.25(m2Q

ratioLeptQ
Entries  4
Mean    170.1

RMS     101.2

(GeV)
T

Lepton P
0 20 40 60 80 100 120

di
ffe

re
nt

ia
l a

sy
m

m
et

ry
 ra

tio

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1 ratioLeptQ
Entries  4
Mean    170.1

RMS     101.2

2
T,t+P2

t=m2Q
2
T,t+P2

t=m2Q
)2

T,t+P2
t

=4.0(m2Q
)2

T,t+P2
t

=0.25(m2Q

Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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Outline

♦ Intro’: Higgs & flavor physics within the Standard Model (SM) & beyond.

♦ Charming the Higgs, inclusive vs. exclusive approaches. 
establishing Higgs-quark non-univ. & more.

♦ Conclusions.
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♦ Comments on the Relaxion framework.



Minimality of the SM Higgs Mechanism

♦ Higgs in minimal SM, 2 roles: 

3

(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);

Yotam Soreq Student Colloquium, July 2015

Higgs in the standard model

3

SM = the Standard Model of particle physics
v =  the Higgs vacuum expectation value

tested by h→WW*,ZZ*

h

v

mW,Z ≠ 0

we know it’s there, connected to the background value, no idea why it is light,
the hierarchy problem …



Higgs & flavor physics within the SM
♦ Higgs in minimal SM, 2 roles: 
(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);
(ii) induce fermion masses & unitarization (high-E consistency).
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Yotam Soreq Student Colloquium, July 2015

Higgs in the standard model

3

SM = the Standard Model of particle physics
v =  the Higgs vacuum expectation value

hf̅

ftested by h→WW*,ZZ* yf ∝ mf

mf ≠ 0

not yet tested

Yukawa couplings

h

v

mW,Z ≠ 0

Tested only weakly;
only for the 3rd generation:

! ATLAS+CMS

Ʈ 0.97±0.23

b 0.71±0.31

t 2.2±0.6 (Moriond)



The other hierarchy (flavor) puzzle

♦ The SM flavor parameters are small & hierarchical:
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Yotam Soreq Student Colloquium, July 2015
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probing the yukawa couplings
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The other hierarchy (flavor) puzzle

♦ Maybe we’ve looked at it the wrong way?
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Two extreme views

7

(i) Enhancement: Higgs Mechanism is also behind flavor generation.
Giudice & Lebedev (08); see analysis by Bauer, Carena, Gemmler (15) 

mlight

hhi / hhin

⇤n
, ylight / (n+ 1)

mlight

hhi , (SM: n = 0)

To solve flavor puzzle: n ⇠ 1 + log(ySM)

More generally:
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Second limit: Yukawaless light fermions

8

(ii) Flavor & EW are linked, H is unrelated to (light) flavor => see 
flavor origin by eye: Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15) 

first 2 generation
+ technicolor

H+3rd 
generation

composite,
 full non-linear SO(5) /SO(4) massive content

elementary, 
SM-like massless quarks

!q, u, d
�q,u,d

Q±, U± + ...+ EW +H

mlight / hf̄TCfTCi , h MW ,mt,b / hhi

✏Hf̄TCfTC , ✏Hq̄lightqlight
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Higgs & flavor physics within the SM

♦ Higgs in minimal SM, 2 roles: 
(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);
(ii) induce fermion masses & unitarization (high-E consistency).
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(i) was already tested in a quantitative way (ii) much less & mostly for 3rd gen’.
We focus on (ii), significant progress can be made. 

2

Refs. [11–13])

!
s . 8⇡v2

!
6mb,c,s,d,u

" 200, 1# 103, 1# 104, 2# 105, 5# 105 TeV . (4)

Furthermore, stronger bounds are found when qq̄ $ nVL

processes are considered [14] leading to the following cor-
responding unitarity constraints [15],

!
s . 23, 31, 52, 77, 84 TeV . (5)

These bounds are weak enough as to make the question
regarding the origin of light-quark masses a fundamen-
tally interesting question. The third argument, follow-
ing an opposite reasoning, is that with new physics it
is actually easy to obtain enhancements in Higgs–light-
quark interaction strengths. Furthermore, as the Higgs
is rather light it can only decay to particles that inter-
act very weakly with it. Within the SM, its dominant
decay mode is to bottom quark pair. A deformation
of the Higgs couplings to the lighter SM particles, say
the charm quarks (for possibly relevant discussions see
Ref. [16–24]), could compete with the Higgs–bottom cou-
pling and would lead to a dramatic change of the Higgs
phenomenology at collider [25].

Recent theoretical and experimental progress opened
a window towards studying the Higgs coupling to light
quarks at future colliders. On the theoretical frontier, it
was demonstrated in Ref. [25] that using inclusive charm-
tagging would enable the LHC experiments to search for
the decay of the Higgs into pair of charm jets (c-jets).
Furthermore it was shown that the Higgs–charm cou-
pling may be probed by looking at exclusive decay modes
involving a c-c̄ vector meson and a photon [26]. A simi-
lar mechanism, based on exclusive decays to light-quark
states and gauge bosons �/W/Z , was shown to yield a
potential access to the Higgs–light-quark couplings [27].
(See also Refs. [28–30] for studies of exclusive EW gauge
boson decays.) On the experimental frontier, ATLAS has
recently published two papers on SUSY [31, 32] searches
that make use of charm-tagging [33]. Furthermore, on the
exclusive frontier ATLAS has searched for Higgs decays
to quarkonia(e.g. J/  , ⌥) and a photon final state [34].
All these developments provide a proof of principle that
in the future we may be able to test the Higgs mechanism
of mass generation even for light quarks.

In the following we introduce four di↵erent type of
data-driven analyses with di↵erent level of robustness
that constrain the size of the Higgs–charm Yukawa cou-
pling. This should be considered as a first step to-
wards improving our understanding regarding the ori-
gin of light-quark masses. In the future the methods
described below are expected to yield significantly bet-
ter sensitivities to the corresponding Yukawa couplings.
One direct implication of our analyses is the establish-
ment of the fact that the Higgs couples to the quarks in
a non-universal manner.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. The ATLAS and CMS b- and c-e�ciencies for
the di↵erent tagging criteria. The CMS working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively [35].

Figures 1st tag 2nd tag ✏2c/b

(a)ATLAS 11,12(a,b,d),13,17 Med Med 0.082

(b)ATLAS 12(c) Tight Tight 0.059

(c)CMS 10,11,12 Med1 Med1 0.18

(d)CMS 13 Left Med2 Loose 0.19

(e)CMS 13 Right Med1 Loose 0.23

(f) CMS 14 Med3 Loose 0.16

TABLE II. Summary of the experimental results used for the
recasting of V h(bb̄) searches. Figures are taken from Refs. [4]
and [7] for ATLAS and CMS, respectively.

Signal-strength constraint via V h(bb̄) recast:
The ATLAS and CMS collaborations have studied the
Higgs decay into b̄bvia V h production in which the Higgs
is produced in association with a W/Z gauge boson us-
ing 5 fb�1 at 7 TeV and 20 fb�1 at 8 TeV [4, 7]. Due to
the rough similarities between charm and bottom jets,
jets originating from charm quarks may be mis-tagged
as b-jets. Thus, we can recast the existing analyses of
h $ b̄b to study and constrain the h $ cc̄ rate. This will
provide a direct and model-independent bound on the
Higgs–charm coupling. To allow the Higgs–charm cou-
pling to float freely the signal strength should be modi-
fied according to

µb =
�BRb¯b

�
SM

BRSM

b¯b

$
�BRb¯b ✏b1✏b2 + �BRcc̄ ✏c1✏c2

�
SM

BRSM

b¯b ✏b1✏b2

= µb +
BRSM

cc̄

BRSM

b¯b

✏c1✏c2
✏b1✏b2

µc ,
(6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quarks, respectively, and
BRSM

cc̄ / BRSM

b¯b % 5% [36].
A single working point for b-tagging and c-jet contam-

ination, defined via ✏b1,2 , ✏c1,2 , constrains only a linear
combination of µb and µc; it corresponds to a flat direc-
tion in the µc–µb plane. To disentangle the linear combi-
nation, at least two tagging points with di↵erent ratios,
✏2c/b & (✏c1✏c2)/ (✏b1✏b2), should be adopted. Both AT-
LAS and CMS are employing di↵erent tagging working
points and thus combining their information allows us to
constrain µc. The typical tagging e�ciencies are given in
Table I, and the combinations of working points in the
analyses we use are given in Table II. In the ATLAS [4]
search there are two tagging points that have high and
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We introduce four di! erent types of data-driven analyses with di! erent level of robustness that
constrain the size of the Higgs-charm Yukawa coupling: (i) recasting the vector-boson associated,
V h, analyses that search for bottom-pair final state. We use this mode to directly and model
independently constrain the Higgs to charm coupling, yc/y

SM
c . 234; (ii) the direct measurement of

the total width, yc/y
SM
c . 120�140; (iii) the search to h ! J/ �, yc/y

SM
c . 220; (iv) a global fit to

the Higgs signal strengths, yc/y
SM
c . 6.2 . A comparison with tt̄h data allows us to show that current

data eliminates the possibility that the Higgs couples to quarks in a universal way, as is consistent
with the Standard Model prediction. Finally, we demonstrate how the experimental collaborations
can further improve our direct bound by roughly an order of magnitude by charm-tagging as already
used in new physics searches.

Introduction: The discovery of the Higgs boson is a
triumph of the LHC [1, 2] and yet another success for the
Standard Model (SM) with its minimal Higgs sector of
electroweak (EW) symmetry breaking (EWSB). The Þrst
run of the LHC was very successful not only because of
the Higgs discovery but also because it provided us with
a rather strong qualitative test of several aspects of the
Higgs mechanism: it established that the Higgs plays a
dominant role in inducing the masses of the EW gauge
bosons and that the Higgs coupling to the longitudinal
states tames theWW scattering rates up to high ener-
gies.

However, in the minimalistic SM way of EWSB the
Higgs plays another crucial role, namely it induces the
masses of all charged fermions. This results in a sharp
prediction, free of additional input parameters, for the
HiggsÐfermion interaction strength

yf '
p

2
mf

v
, (1)

where f = u, c, t, d, s, b, e, µ, ⌧ and v ' 246 GeV is the
Higgs vacuum expectation value. This prediction holds
to a very good accuracy. So far, this additional function
of the Higgs has not yet been tested directly in a strong
way. The best information currently available is on the
Higgs couplings to the third-generation charged fermions

µt¯th = 2 .4 ± 0.8, µb = 0 .71± 0.31, µ⌧ = 0 .97± 0.23. (2)

Here, we averaged the ATLAS [3Ð5] and CMS [6Ð8] re-
sults for the Higgs signal strength to fermions µf ⌘
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�SM

BRff̄
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SM
ff̄

with � standing for the production cross sec-

tion, BR X = BR( h ! X) and the SM script indicating
the SM case. These results are consistent with the SM
expectations, though the errors are still noticeably large.
In contrast, our current knowledge regarding the Higgs
couplings to the Þrst two generation, light, fermions, is
signiÞcantly poorer. In fact at this point we only have
a rather weak upper bound on the corresponding signal
strengths of muons and electrons [9, 10]

µµ  7 , µe  4 ⇥ 105 , (3)

at 95% ConÞdence Level (CL). Eqs. (2) and (3) together
exclude HiggsÐlepton universality. Such information does
not exist at present regarding the HiggsÐlight-quark cou-
plings.

Measuring these HiggsÐlight couplings is interesting for
the following three reasons. The Þrst, although some-
what mundane, is simply that the light-quark Yukawa
couplings are parameters of the SM and as such merit
a measurement. The second is that given the success of
both direct and indirect tests of the SM it is now expected
that the EW gauge bosons and the top quark acquire
their masses dominantly via the Higgs mechanism; this
is less obvious for the Þrst two generation quarks. The
light-quark masses could be induced by other subdomi-
nant sources of EWSB, for instance from a technicolor-
like condensate, and hence light-quarks may have sup-
pressed or even vanishing Yukawa couplings to the Higgs.
In fact, based on current knowledge, we could just add
bare mass terms to the Þrst two generation fermions and
treat the SM as an e↵ective theory that is valid up to
some fairly high scale, were ÒunitarityÓ or the weakly-
coupled description would breakdown. This is similar to
the status of the EW gauge sector prior to the Þrst run
of the LHC. If we assume no coupling of light quarks
to the Higgs, the unitarity bound from the qøq ! VLVL

process (whereVL is the longitudinal boson) is (seee.g.
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can further improve our direct bound by roughly an order of magnitude by charm-tagging as already
used in new physics searches.

Introduction: The discovery of the Higgs boson is a
triumph of the LHC [1, 2] and yet another success for the
Standard Model (SM) with its minimal Higgs sector of
electroweak (EW) symmetry breaking (EWSB). The first
run of the LHC was very successful not only because of
the Higgs discovery but also because it provided us with
a rather strong qualitative test of several aspects of the
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bosons and that the Higgs coupling to the longitudinal
states tames the WW scattering rates up to high ener-
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prediction, free of additional input parameters, for the
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where f = u, c, t, d, s, b, e, µ, ⌧ and v ' 246 GeV is the
Higgs vacuum expectation value. This prediction holds
to a very good accuracy. So far, this additional function
of the Higgs has not yet been tested directly in a strong
way. The best information currently available is on the
Higgs couplings to the third-generation charged fermions
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a rather weak upper bound on the corresponding signal
strengths of muons and electrons [9, 10]
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at 95% Confidence Level (CL). Eqs. (2) and (3) together
exclude Higgs–lepton universality. Such information does
not exist at present regarding the Higgs–light-quark cou-
plings.

Measuring these Higgs–light couplings is interesting for
the following three reasons. The first, although some-
what mundane, is simply that the light-quark Yukawa
couplings are parameters of the SM and as such merit
a measurement. The second is that given the success of
both direct and indirect tests of the SM it is now expected
that the EW gauge bosons and the top quark acquire
their masses dominantly via the Higgs mechanism; this
is less obvious for the first two generation quarks. The
light-quark masses could be induced by other subdomi-
nant sources of EWSB, for instance from a technicolor-
like condensate, and hence light-quarks may have sup-
pressed or even vanishing Yukawa couplings to the Higgs.
In fact, based on current knowledge, we could just add
bare mass terms to the first two generation fermions and
treat the SM as an e↵ective theory that is valid up to
some fairly high scale, were “unitarity” or the weakly-
coupled description would breakdown. This is similar to
the status of the EW gauge sector prior to the first run
of the LHC. If we assume no coupling of light quarks
to the Higgs, the unitarity bound from the qq̄ ! VLVL

process (where VL is the longitudinal boson) is (see e.g.
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Refs. [11–13])

p
s . 8⇡v2

p
6mb,c,s,d,u

⇡ 200, 1⇥103, 1⇥104, 2⇥105, 5⇥105 TeV . (4)

Furthermore, stronger bounds are found when qq̄ ! nVL

processes are considered [14] leading to the following cor-
responding unitarity constraints [15],

p
s . 23, 31, 52, 77, 84 TeV . (5)

These bounds are weak enough as to make the question
regarding the origin of light-quark masses a fundamen-
tally interesting question. The third argument, follow-
ing an opposite reasoning, is that with new physics it
is actually easy to obtain enhancements in Higgs–light-
quark interaction strengths. Furthermore, as the Higgs
is rather light it can only decay to particles that inter-
act very weakly with it. Within the SM, its dominant
decay mode is to bottom quark pair. A deformation
of the Higgs couplings to the lighter SM particles, say
the charm quarks (for possibly relevant discussions see
Ref. [16–24]), could compete with the Higgs–bottom cou-
pling and would lead to a dramatic change of the Higgs
phenomenology at collider [25].

Recent theoretical and experimental progress opened
a window towards studying the Higgs coupling to light
quarks at future colliders. On the theoretical frontier, it
was demonstrated in Ref. [25] that using inclusive charm-
tagging would enable the LHC experiments to search for
the decay of the Higgs into pair of charm jets (c-jets).
Furthermore it was shown that the Higgs–charm cou-
pling may be probed by looking at exclusive decay modes
involving a c-c̄ vector meson and a photon [26]. A simi-
lar mechanism, based on exclusive decays to light-quark
states and gauge bosons �/W/Z, was shown to yield a
potential access to the Higgs–light-quark couplings [27].
(See also Refs. [28–30] for studies of exclusive EW gauge
boson decays.) On the experimental frontier, ATLAS has
recently published two papers on SUSY [31, 32] searches
that make use of charm-tagging [33]. Furthermore, on the
exclusive frontier ATLAS has searched for Higgs decays
to quarkonia(e.g. J/ , ⌥) and a photon final state [34].
All these developments provide a proof of principle that
in the future we may be able to test the Higgs mechanism
of mass generation even for light quarks.

In the following we introduce four di↵erent type of
data-driven analyses with di↵erent level of robustness
that constrain the size of the Higgs–charm Yukawa cou-
pling. This should be considered as a first step to-
wards improving our understanding regarding the ori-
gin of light-quark masses. In the future the methods
described below are expected to yield significantly bet-
ter sensitivities to the corresponding Yukawa couplings.
One direct implication of our analyses is the establish-
ment of the fact that the Higgs couples to the quarks in
a non-universal manner.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. The ATLAS and CMS b- and c-e�ciencies for
the di↵erent tagging criteria. The CMS working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively [35].

Figures 1st tag 2nd tag ✏2c/b

(a)ATLAS 11,12(a,b,d),13,17 Med Med 0.082

(b)ATLAS 12(c) Tight Tight 0.059

(c)CMS 10,11,12 Med1 Med1 0.18

(d)CMS 13 Left Med2 Loose 0.19

(e)CMS 13 Right Med1 Loose 0.23

(f) CMS 14 Med3 Loose 0.16

TABLE II. Summary of the experimental results used for the
recasting of V h(bb̄) searches. Figures are taken from Refs. [4]
and [7] for ATLAS and CMS, respectively.

Signal-strength constraint via V h(bb̄) recast:
The ATLAS and CMS collaborations have studied the
Higgs decay into bb̄ via V h production in which the Higgs
is produced in association with a W/Z gauge boson us-
ing 5 fb�1 at 7 TeV and 20 fb�1 at 8 TeV [4, 7]. Due to
the rough similarities between charm and bottom jets,
jets originating from charm quarks may be mis-tagged
as b-jets. Thus, we can recast the existing analyses of
h ! bb̄ to study and constrain the h ! cc̄ rate. This will
provide a direct and model-independent bound on the
Higgs–charm coupling. To allow the Higgs–charm cou-
pling to float freely the signal strength should be modi-
fied according to

µb =
�BRb¯b

�
SM

BRSM

b¯b

! �BRb¯b ✏b1✏b2 + �BRcc̄ ✏c1✏c2
�

SM

BRSM

b¯b ✏b1✏b2

= µb +
BRSM

cc̄

BRSM

b¯b

✏c1✏c2
✏b1✏b2

µc ,

(6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quarks, respectively, and
BRSM

cc̄ /BRSM

b¯b ' 5% [36].
A single working point for b-tagging and c-jet contam-

ination, defined via ✏b1,2 , ✏c1,2 , constrains only a linear
combination of µb and µc; it corresponds to a flat direc-
tion in the µc–µb plane. To disentangle the linear combi-
nation, at least two tagging points with di↵erent ratios,
✏2c/b ⌘ (✏c1✏c2)/(✏b1✏b2), should be adopted. Both AT-
LAS and CMS are employing di↵erent tagging working
points and thus combining their information allows us to
constrain µc. The typical tagging e�ciencies are given in
Table I, and the combinations of working points in the
analyses we use are given in Table II. In the ATLAS [4]
search there are two tagging points that have high and
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Refs. [11–13])

p
s . 8⇡v2

p
6mb,c,s,d,u

⇡ 200, 1⇥103, 1⇥104, 2⇥105, 5⇥105 TeV . (4)

Furthermore, stronger bounds are found when qq̄ ! nVL

processes are considered [14] leading to the following cor-
responding unitarity constraints [15],

p
s . 23, 31, 52, 77, 84 TeV . (5)

These bounds are weak enough as to make the question
regarding the origin of light-quark masses a fundamen-
tally interesting question. The third argument, follow-
ing an opposite reasoning, is that with new physics it
is actually easy to obtain enhancements in Higgs–light-
quark interaction strengths. Furthermore, as the Higgs
is rather light it can only decay to particles that inter-
act very weakly with it. Within the SM, its dominant
decay mode is to bottom quark pair. A deformation
of the Higgs couplings to the lighter SM particles, say
the charm quarks (for possibly relevant discussions see
Ref. [16–24]), could compete with the Higgs–bottom cou-
pling and would lead to a dramatic change of the Higgs
phenomenology at collider [25].

Recent theoretical and experimental progress opened
a window towards studying the Higgs coupling to light
quarks at future colliders. On the theoretical frontier, it
was demonstrated in Ref. [25] that using inclusive charm-
tagging would enable the LHC experiments to search for
the decay of the Higgs into pair of charm jets (c-jets).
Furthermore it was shown that the Higgs–charm cou-
pling may be probed by looking at exclusive decay modes
involving a c-c̄ vector meson and a photon [26]. A simi-
lar mechanism, based on exclusive decays to light-quark
states and gauge bosons �/W/Z, was shown to yield a
potential access to the Higgs–light-quark couplings [27].
(See also Refs. [28–30] for studies of exclusive EW gauge
boson decays.) On the experimental frontier, ATLAS has
recently published two papers on SUSY [31, 32] searches
that make use of charm-tagging [33]. Furthermore, on the
exclusive frontier ATLAS has searched for Higgs decays
to quarkonia(e.g. J/ , ⌥) and a photon final state [34].
All these developments provide a proof of principle that
in the future we may be able to test the Higgs mechanism
of mass generation even for light quarks.

In the following we introduce four di↵erent type of
data-driven analyses with di↵erent level of robustness
that constrain the size of the Higgs–charm Yukawa cou-
pling. This should be considered as a first step to-
wards improving our understanding regarding the ori-
gin of light-quark masses. In the future the methods
described below are expected to yield significantly bet-
ter sensitivities to the corresponding Yukawa couplings.
One direct implication of our analyses is the establish-
ment of the fact that the Higgs couples to the quarks in
a non-universal manner.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. The ATLAS and CMS b- and c-e�ciencies for
the di↵erent tagging criteria. The CMS working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively [35].

Figures 1st tag 2nd tag ✏2c/b

(a)ATLAS 11,12(a,b,d),13,17 Med Med 0.082

(b)ATLAS 12(c) Tight Tight 0.059

(c)CMS 10,11,12 Med1 Med1 0.18

(d)CMS 13 Left Med2 Loose 0.19

(e)CMS 13 Right Med1 Loose 0.23

(f) CMS 14 Med3 Loose 0.16

TABLE II. Summary of the experimental results used for the
recasting of V h(bb̄) searches. Figures are taken from Refs. [4]
and [7] for ATLAS and CMS, respectively.

Signal-strength constraint via V h(bb̄) recast:
The ATLAS and CMS collaborations have studied the
Higgs decay into bb̄ via V h production in which the Higgs
is produced in association with a W/Z gauge boson us-
ing 5 fb�1 at 7 TeV and 20 fb�1 at 8 TeV [4, 7]. Due to
the rough similarities between charm and bottom jets,
jets originating from charm quarks may be mis-tagged
as b-jets. Thus, we can recast the existing analyses of
h ! bb̄ to study and constrain the h ! cc̄ rate. This will
provide a direct and model-independent bound on the
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combination of µb and µc; it corresponds to a flat direc-
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nation, at least two tagging points with di↵erent ratios,
✏2c/b ⌘ (✏c1✏c2)/(✏b1✏b2), should be adopted. Both AT-
LAS and CMS are employing di↵erent tagging working
points and thus combining their information allows us to
constrain µc. The typical tagging e�ciencies are given in
Table I, and the combinations of working points in the
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♦ What happens if we just write bare masses to fermions? 
Unitarity violation:

Appelquist & Chanowitz (87). 

Maltoni, Niczyporuk & Willenbrock (01); Dicus and H.-J. He (05).
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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Does the Higgs couples like the mass - yi = mi/v

mi

??
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Experimental probes of 
Higgs to light quark couplings
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 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

charm jets identified by combining “information from the impact 
parameters of displaced tracks and topological properties of 
secondary and tertiary decay vertices” using multivariate techniques
 

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data

tt̄
30 < pT < 200

Executive sum.: Constraining Higgs-charm univ.

12

♦ Existing data already constrain Higgs-quarks Univ..

GP, Soreq, Stamou & Tobioka (Feb/15)

(i) Direct constraint: recast VH(bb),  taking advantage of 2 working point cc < 230 ; 

 (ii) the recent ATLAS search to h → J/ψγ (see later) yield cc < 220 ;

         (assumes Higgs coupling to two photons and/or four leptons is not significantly modified by new physics); 

 (iii) the direct measurement of the total width yield cc < 140 (ATLAS),120 (CMS) ; 

(iv) Global fit to the Higgs signal strength, cc < 6 ; 

(v) tth data =>  ct > 1.0 (equivalence to cc > 310). 



Inclusive approach: Uncharming the Higgs, 
establishing non-universality & more

13

GP, Soreq, Stamou & Tobioka x2 (15);
Delaunay, Golling, GP & Soreq (13)

cc̄
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♦

♦

Before talking about our work, 
2 slides about an experimental progress
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More recently, constraining (non-deg.) scharms

15

♦ An interesting viable possibility is anarchic squark spectrum. Nir & Seiberg (93) 

♦ Scenario still viable and the bounds on scharms are very weak.
Gedalia, Kamenik, Ligeti & GP (12)
Mahbubani, Papucci, GP, Ruderman % Weiler (13)

♦ Has potential consequences for naturalness (“flavorful naturalness”).
Blanke, Giudice, Paradisi, GP & Zupan (13)

♦ ATLAS: light scharms search \w new working point for charm tagging:
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ATLAS NOTE

ATLAS-CONF-2014-06
November 22, 2014

Search for Scalar-Charm Pair-Production with the ATLAS Detector in pp

Collisions at

p
s = 8 TeV

The ATLAS Collaboration

Abstract

The results of a dedicated search for pair production of scalar partners of charm quarks
are reported. The search is based on an integrated luminosity of 20.3 fb�1 of pp collisions
at
p

s = 8 TeV recorded with the ATLAS detector. The search is performed using events
with large missing transverse momentum and at least two jets, where the two leading jets
are each tagged as originating from c quarks. Events containing isolated electrons or muons
are vetoed. In an R-parity conserving minimal supersymmetric scenario in which a single
scalar-charm state is kinematically accessible, and where it decays exclusively into a charm
quark and a neutralino, 95% confidence-level upper limits are obtained in the c̃ � �̃0

1 mass
plane such that, for neutralino masses below 200 GeV, scalar-charm masses up to 490 GeV
are excluded.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Figure 1: Distributions of mCT (left) and mcc (right), and their corresponding SM predictions. SR selec-
tions (mCT > 150 GeV for the mcc distribution) are applied, other than for the variable plotted. Arrows
indicate the SR requirements on mCT and mcc. In the ratio plots, the grey band corresponds to the com-
bined MC statistical and experimental systematic uncertainty.

Figure 2: Exclusion limits at 95% C.L. in the c̃ ! �̃0
1 mass plane (colour online). The observed (solid

red line) and expected (dashed blue line) limits include all uncertainties except for the theoretical signal
cross-section uncertainty (PDF and scale). The bands around the expected limits show ±1� uncertainties.
The dotted lines around the observed limits represent the results obtained when moving the nominal
signal cross section up or down by ±1� theoretical uncertainty.
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✏c = 19% ✏b = 12%

ATLAS-CONF-2014-063
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#1 Direct constraint: recast VH(bb) 

16

♦ Idea: use several charm-tagging working points of ATLAS & CMS in their 
VH(bb) analysis.

GP, Soreq, Stamou & Tobioka (Feb/15)
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2

µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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FIG. 1.

If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

(c)CMS Fig.10,11,12 Med1 Med1 0.18

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16

TABLE II.
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Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbøb =
�

�SM

BRbøb

BRSM
bøb

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1 ✏b2 + � · Brc · ✏c1 ✏c2

�SM · BrSM
b · ✏b1 ✏b2

(5)

= µb +
BrSM

c

BrSM
b

✏c1 ✏c2

✏b1 ✏b2

µc (6)

where ✏b1, 2 and ✏c1, 2 are e! ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1, 2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di" erent ratios, ✏c/b ⌘ (✏c1 ✏c2 )/(✏b1 ✏b2 ). The
ATLAS and CMS have di" erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e! ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e! ciencies have pjetT
dependence, while ratio of e! ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

(c)CMS Fig.10,11,12 Med1 Med1 0.18

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16

TABLE II.
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2

µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

! b 70% 50% ! b 88% 82% 78% 71%
! c 20% 3.8% ! c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ! c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2! 10! 2

(b)ATLAS Fig.12(c) Tight Tight 5.9! 10! 3

(c)CMS Fig.10,11,12 Med1 Med1 0.18
(d)CMS Fig.13 Left Med2 Loose 0.19
(e)CMS Fig.13 Right Med1 Loose 0.23
(f)CMS Fig.14 Med3 Loose 0.16

TABLE II.
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4Ð12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving ac ! øc meson and a photon. A
similar mechanism, based on exclusive Þnal state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay intobøbassociated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets becauseB mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbøb =
!

! SM

BRbøb

BRSM
bøb

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged byO(10)% becauseD mesons have long
lifetime " 120! 300µm/c which is comparable to lifetime
of B mesons" 400 µm/c .

If there is enhancement of Higgs decay intocøc, we can
recast the analysis ofH # bøb to study H # cøc. In this
case, the signal strength is modiÞed,

µb #
! áBrb á"b1 "b2 + ! áBrc á"c1 "c2

! SM áBrSM
b á"b1 "b2

(5)

= µb +
BrSM

c

BrSM
b

"c1 "c2

"b1 "b2

µc (6)

where "b1, 2 and "c1, 2 are e! ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, "c1, 2 , are larger, we will
be more sensitive to charm Þnal states,µc. However,
this is not enough because one criterion ofb-tagging only
constraints a linear combination ofµb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di " erent ratios, "c/b $ ("c1 "c2 )/ ("b1 "b2 ). The
ATLAS and CMS have di" erent tagging working points
and henceµc is extracted.

Signal Strength: We use constant e! ciencies of tag-
ging as in Table . Using them for twob-tags, the ATLAS
[16] has two criteria which have high rejection rate ofc-
jet, and the CMS [17] has four criteria which has high
acceptance of ofc-jet. The tagging e! ciencies havepjet

T
dependence, while ratio of e! ciencies, such as"c/b , is
less sensitive topjet

T . Therefore, the assumption of our
analysis is still reasonable.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

(c)CMS Fig.10,11,12 Med1 Med1 0.18

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16

TABLE II.
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2

µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

(c)CMS Fig.10,11,12 Med1 Med1 0.18

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16

TABLE II.

♦ Each working point yields flat direction:

♦ However, combining points => bound.
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FIG. 4. 68.3% CL (cyan) and 95% CL (gray) allowed regions
of the recast study in the c–b plane, with the best-fit (SM)
point indicated by the black circle(blue rectangle). Shaded
areas represent the regions excluded by the total width (AT-
LAS and CMS) and the exclusive Higgs decay of h ! J/  �.

production mechanisms because they are found to be
negligible for ! c ! 50. The allowed range of ! V from
EW precision data assuming a cuto↵ scale of 3TeV is
! V = 1.08 ± 0.07 [49]. This, along with the Higgs mea-
surement of VBF and gluon fusion in W W ! , ZZ ! , and
" "̄ final states, results in a much stronger bound on the
total Higgs width than the direct measurement.

Following the analysis of Ref. [25] and considering the
current available Higgs data from ATLAS [3–5, 44, 52–
55], CMS [6–8, 10, 42, 56–59] and Tevatron [60, 61] along
with the EW data as in Ref. [49], the 95% CL allowed
range for the charm Yukawa is

! c ! 6.2 , (20)

where all the Higgs couplings (including h !
W W, ZZ, ##, gg, Z#, b̄b, " "̄ ) were allowed to vary from
their SM values. Allowing the up-quark Yukawa also to
vary keeps the same bound.

The ratio between the on-shell and the o↵-shell h !
ZZ (! ) rates can probe the Higgs width [62]. The cur-
rent bounds are at order of �total / �SM

total ! 5.4 , 7.7 from
CMS [63] and ATLAS [64], respectively, which corre-
sponds to ! c ! 14 , 16. However, as pointed out in
Ref. [65] these bounds are model dependent. Thus, we
do not consider this bound in our analysis.

Higgs–quark non-universality: We now turn to
provide a lower bound on the top Yukawa coupling to
compare it with the upper bounds on the charm Yukawa
coupling obtained above. A comparison with t t̄h data
allows us to show that current data eliminates the possi-
bility that the Higgs couples to quarks in a universal way,
as is consistent with the SM prediction. As mentioned in
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FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

Eq. (2), a naive average of the ATLAS and CMS results
yields µt øth = 2.4 ± 0.8. This leads to a lower bound on
the top Yukawa (at 95% CL),

! t > 0.9

s
BRSM

Þnals

BRÞnals
> 0.9 , (21)

where BRÞnals stands for the final states that were consid-
ered by the collaborations in the t t̄h measurements. The
last inequality is valid in case that the Higgs to charm
pairs is the dominant partial width (as is expected in
the case where our rather weak bounds obtained above
are saturated). In the special case where the dominant
decays are to charms and " ’s, namely ! ⌧ � 1, we have
µVBF ,⌧ > 2, which is excluded by data [5, 8]. We thus
conclude that

yc

yt
=

! c

! t

ySM
c

ySM
t

' 1

280
⇥ ! c

! t
) yc < y t , (22)

where the last inequality is based on comparison of
Eqs. (11), (14), (19) and (20) with Eq. (21). We there-
fore conclude that the Yukawa couplings of the up-type
quarks are non-universal.
Summary of LHC constraints: In Fig. 4 we present

bounds on Higgs couplings from the V h recast, the total
width measurements, and the exclusive decay to J/ $# ,
on the ! c–! b plane. We see that the relatively robust
bounds from the V h recast and the total width measure-
ments are of same order of magnitude and also comple-
ment each other.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-
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♦ Use the eff. Lagrangian: 

Exclusive path towards Higgs-light quark couplings

in the SM: 

Notice that: 
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV indicates either ! , W or Z . We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction . The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! !! ,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! " " channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a! ,W or Z. The possibility of using
h ! J/#! to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! $!
mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! %!,&! modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0! , D⇤0! , B⇤0! , B⇤0
s !

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.

Theoretical framework . We Þrst consider the con-
straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massmh ' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e! = �
!

q= u,d,s

ø' q
mb

v

høqL qR �
!

q 6= q!

ø' qq!
mb

v

høqL q
0

R + h.c.

+ ' Z m
2
Z
h

v

ZµZ
µ + 2 ' W m

2
W

h

v

WµW
µ

+ ' ! A!
(
)
h

v

F

µ "
Fµ " , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' ⇤

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! ⇡
�0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/mb ' 0.020, ø' d = md/mb ' 1.0 á10�3,
ø' u = mu/mb ' 4.7 á10�4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! vanish in
the SM. Any deviations from these relations would signal
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either ! ,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
W W and ZZ , the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
and V denotes either a�, W or Z . The possibility of using
h ! J/  � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K ! 0

�, D ! 0
�, B ! 0

�, B ! 0
s

�

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ
decays, e.g. h ! B (! )+W " . Probes of the electroweak
couplings of the Higgs viah ! MZ, MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e+e" facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e↵ = �
X

q=u,d,s

ø
q

m
b

v
høq

L

q
R

�
X

q#=q

0

ø
qq

0
m

b

v
høq

L

q$
R

+ h.c.

+ 

Z

m2
Z

h
v

Z
µ

Zµ + 2
W

m2
W

h
v

W
µ

Wµ

+ 

�

A
�

↵

⇡

h
v

F µ⌫F
µ⌫

, (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
ø
qq

0 = ø!
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order byA

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ø

s

= m
s

/m
b

' 0.020, ø
d

= m
d

/m
b

' 1.0 á10" 3,
ø
u

= m
u

/m
b

' 4.7 á10" 4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø

qq

0 vanish in
the SM. Any deviations from these relations would signal
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(sorry different notation)



Exclusive path towards Higgs-light quark couplings

where generically: 

♦ Use the eff. Lagrangian: 

Notice that: 
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV indicates either ! , W or Z . We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction . The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! !! ,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! " " channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a! ,W or Z. The possibility of using
h ! J/#! to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! $!
mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! %!,&! modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0! , D⇤0! , B⇤0! , B⇤0
s !

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.

Theoretical framework . We Þrst consider the con-
straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massmh ' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e! = �
!

q= u,d,s

ø' q
mb

v

høqL qR �
!

q 6= q!

ø' qq!
mb

v

høqL q
0

R + h.c.

+ ' Z m
2
Z
h

v

ZµZ
µ + 2 ' W m

2
W

h

v

WµW
µ

+ ' ! A!
(
)
h

v

F

µ "
Fµ " , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' ⇤

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! ⇡
�0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/mb ' 0.020, ø' d = md/mb ' 1.0 á10�3,
ø' u = mu/mb ' 4.7 á10�4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! vanish in
the SM. Any deviations from these relations would signal
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either ! ,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
W W and ZZ , the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
and V denotes either a�, W or Z . The possibility of using
h ! J/  � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K ! 0

�, D ! 0
�, B ! 0

�, B ! 0
s

�

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ
decays, e.g. h ! B (! )+W " . Probes of the electroweak
couplings of the Higgs viah ! MZ, MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e+e" facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e↵ = �
X

q=u,d,s

ø
q

m
b

v
høq

L

q
R

�
X

q#=q

0

ø
qq

0
m

b

v
høq

L

q$
R

+ h.c.

+ 

Z

m2
Z

h
v

Z
µ

Zµ + 2
W

m2
W

h
v

W
µ

Wµ

+ 

�

A
�

↵

⇡

h
v

F µ⌫F
µ⌫

, (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
ø
qq

0 = ø!
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order byA

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ø

s

= m
s

/m
b

' 0.020, ø
d

= m
d

/m
b

' 1.0 á10" 3,
ø
u

= m
u

/m
b

' 4.7 á10" 4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø

qq

0 vanish in
the SM. Any deviations from these relations would signal
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!̄ q = yq/y SM
b ,

varying only one at the time (95%CL)!

varying all couplings (95%CL)!

Harnik, Kopp & Zupan; Blankenburg, Ellis, Isidori, (12)FCNC non-robust bound: (                                                                                                     )
20

same for the flavor violating case

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)



Ex.: h → φγ

♦ Two paths to get h → φγ:

2

̄

d

= m

d

/m

b

' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the

h

�

s

s̄

h

s

s̄

�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

! /m
2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is

M

!
ss

=
Q

s

e

2
✏

! · ✏"
✓
̄

s

m

b

v

f

!
?

h1/uūi!
?

+
4↵

⇡v

" A"
f! m

2
h

m!

◆
,

(6)
where the first and second terms are the direct and in-
direct contributions; f !

?

and h1/uūi!
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "" and "! are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f! m! ✏
µ

! for the � decay constant f! ,

where Jµ

EM =
P

f

Q

f

f̄�

µ

f is the electromagnetic current.

Note that for CP violating couplings, M !
ss

is sensitive to
the phase between A" and ̄" .
The LCDA convolution integral is

h1/uūi!
?

=

Z 1

0
du

�

!
?

(u)

u(1� u)
. (7)
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a�,W or Z. The possibility of using
h ! J/ � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massm

h

' 125.7 GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
ø
qq

0 = ø⇤
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! �� amplitude
can be written as
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The SM loop function for the h�� coupling is given at
one-loop order byA

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:
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The partial decay width for h ! �� decay is

�
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=
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|M�

ss

|2, (9)

where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by

�
h!⇢�

=
|M⇢

dd

�M

⇢

uu

|2
16⇡m

h

, �
h!!�

=
|M!

dd

+M

!

uu

|2
16⇡m

h

,

(10)
where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/uūi�

?

= 6.84(42), h1/uūi⇢
?

= 6.84(36),
h1/uūi!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f

⇢

= 0.216(6)GeV, f

!

= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f

�

?

= 0.191(28)GeV, f⇢

?

=
0.160(25)GeV, f!

?

= 0.139(27)GeV. Normalizing to the
h ! bb̄ branching ratio gives
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(11)

where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s .

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

♦ Let us understand them one by one. 
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Ex.: h → φγ, indirect contribution

♦ Two paths to get h → φγ:

2

̄

d

= m

d

/m

b

' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the

h

�

s
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�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

! /m
2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is

M

!
ss

=
Q

s

e

2
✏

! · ✏"
✓
̄

s

m

b

v

f

!
?

h1/uūi!
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(6)
where the first and second terms are the direct and in-
direct contributions; f !

?

and h1/uūi!
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "" and "! are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f! m! ✏
µ

! for the � decay constant f! ,

where Jµ
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Q
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f is the electromagnetic current.

Note that for CP violating couplings, M !
ss

is sensitive to
the phase between A" and ̄" .
The LCDA convolution integral is
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a�,W or Z. The possibility of using
h ! J/ � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massm

h

' 125.7 GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 
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= 

Z
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V

, while
ø
qq

0 = ø⇤
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! �� amplitude
can be written as
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The SM loop function for the h�� coupling is given at
one-loop order byA

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 
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V

= 1, and ø
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' 0.020,
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2
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' 1.0á10! 3, ̄
u

= m

u
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' 4.7á10! 4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q" 2 u, d, s, c, b and q 6= q

". The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.
Inclusive Higgs rate measurements cannot distinguish

between the individual ̄
qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8á10! 2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �# ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

$ and h1/uūi�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f

�

m

�

✏

µ

�

for the � decay constant f
�

,

where Jµ

EM =
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f

Q

f
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µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄
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.
The LCDA convolution integral is

h1/uūi�$ =
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= m
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' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�
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and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q
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e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
� and � polarization vectors. We have used the defini-
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for the � decay constant f
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where Jµ
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f is the electromagnetic current.

Note that for CP violating couplings, M�
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the phase between A
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and ̄
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.
The LCDA convolution integral is
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:
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The partial decay width for h ! �� decay is
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|2, (9)

where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by
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where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/uūi�

?

= 6.84(42), h1/uūi⇢
?

= 6.84(36),
h1/uūi!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f

⇢

= 0.216(6)GeV, f

!

= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f

�

?

= 0.191(28)GeV, f⇢

?

=
0.160(25)GeV, f!

?

= 0.139(27)GeV. Normalizing to the
h ! bb̄ branching ratio gives
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where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible
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from experiment, φ→e+e-
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the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [20].

We begin with the flavor-conserving couplings. A naive
�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.70 . (2)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (3)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (4)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|̄

bs

| < 8·10�2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the h�� coupling, followed by the
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�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �⇤ ! �. The direct amplitude involves
a hard h ! ss̄� vertex, where an intermediate s-quark
line with an o↵-shellness Q2 ⇠ O(m2

h

) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(̄

s

). Working in the limit of real
̄

s

, the h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f
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✏
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for the � decay constant f
�

,

where Jµ

EM =
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µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄

�

.
The LCDA convolution integral is
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=
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0
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding

Ex.: h → φγ, direct contribution

♦ Two paths to get h → φγ:
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' 1.0 ·10�3, ̄
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= m

u
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' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

! /m
2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f !

?

and h1/uūi!
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "" and "! are the
� and � polarization vectors. We have used the defini-
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! for the � decay constant f! ,
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f is the electromagnetic current.

Note that for CP violating couplings, M !
ss

is sensitive to
the phase between A" and ̄" .
The LCDA convolution integral is

h1/uūi!
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a�,W or Z. The possibility of using
h ! J/ � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massm

h

' 125.7 GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 
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= 

Z

= 

V

, while
ø
qq

0 = ø⇤
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! �� amplitude
can be written as
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The SM loop function for the h�� coupling is given at
one-loop order byA

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 
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= 
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= 1, and ø
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' 4.7á10! 4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q" 2 u, d, s, c, b and q 6= q

". The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8á10! 2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �# ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

$ and h1/uūi�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f

�

m

�

✏

µ

�

for the � decay constant f
�

,

where Jµ

EM =
#

f

Q

f

f̄�

µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄

�

.
The LCDA convolution integral is

h1/uūi�$ =

$ 1

0
du

�

�

$ (u)

u(1� u)
. (7)
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inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄
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The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵
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based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [20].

We begin with the flavor-conserving couplings. A naive
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2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds
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| < 0.70 . (2)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds
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| < 1.3 , |̄
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| < 1.4 , |̄
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| < 1.4 . (3)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (4)

for q, q! 2 u, d, s, c, b and q 6= q

! . The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|̄

bs

| < 8·10" 2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the h�� coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �# ! �. The direct amplitude involves
a hard h ! ss̄� vertex, where an intermediate s-quark
line with an o↵-shellness Q2 ⇠ O(m2

h

) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(̄
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). Working in the limit of real
̄
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, the h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

$ and h1/uūi�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Q
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e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
� and � polarization vectors. We have used the defini-
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The LCDA convolution integral is
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The leading twist chiral-odd LCDA �$ (u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�$ · ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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Higgs measurements are included (based on Tables 13
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they could mostly decay to light quarks, thus remaining
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fragmentation of �# ! �. The direct amplitude involves
a hard h ! søs� vertex, where an intermediate s-quark
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) is integrated out.
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where the Þrst and second terms are the direct and in-
direct contributions; f
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$ and h1/uøui�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Q
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e = �e/3 is
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The leading twist chiral-odd LCDA �$ (u) is deÞned
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:
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The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:
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The partial decay width for h ! !$ decay is
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where we used the fact that|&�! ·&� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! '$ and h ! ($ are similarly given by
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where the amplitudes are obtained fromM �

ss

via the re-
placements s ! u, d and ! ! ' , ( . For simplicity we
have neglected( � ! mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the! ! are truncated at second or-
der, yielding h1/u øui�! = 6 .84(42), h1/u øui⇢! = 6 .84(36),
h1/u øui!! = 6 .84(72), using the inputs from [27] and Þxing
µ = 1 GeV. The decay constants aref

�

= 0 .235(5) GeV,
f
⇢

= 0 .216(6) GeV, f
!

= 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf �,⇢,!

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f �

! = 0 .191(28) GeV, f ⇢

! =
0.160(25) GeV, f !

! = 0 .139(27) GeV. Normalizing to the
h ! bøb branching ratio gives
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where we have neglected the smaller ø) 2
s,d,u

terms. The
SM BR

h" bb̄

= 0 .57 is kept explicit in the denominators.
The numerators thus give the h ! (! , ' , ( )$ branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ø)
s,d,u

have a relative error
of O(20%). This means that for ø)

i

⇠ O(1), deviations
from the SM predictions for h ! (! , ' , ( )$ can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic! , ' and (
decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and øs.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg! gøqq$ transition results in a higher Fock state
contribution to h ! !$ which only enters at the level of
a few⇥10# 4 of the SM BR

h" ��

.
The expected deviation in theh ! !$ branching ratio

from its SM value is shown in Fig. 2, as a function of
)
�

and ø)
s

. We note that the direct amplitude by itself
contributes at the O(10# 11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V$, where V = B $0
s

, B $0
d

, K $0, D $0 pro-
vide interesting possibilities to probe the ßavor-violating
Higgs couplings ø)

bs,sb

, ø)
bd,db

, ø)
sd,ds

and ø)
cu,uc

. These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h ! K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø)
ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.

The essential di↵erence with respect to the light
mesons is that the B $0

(s) and D $0 LCDA are heavily
weighted toward the b and c quarks (we treat the c quark
as heavy,m

c

� ⇤QCD). Focusing Þrst on theh ! øB $0
s

$
decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/m

b

) suppressed and can be
neglected. We thus obtain the partial decay width

�
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Bsm

Bs

2
m

b

v
Q

s

e0
*
B

(µ)

◆2 |ø)
bs

|2 + |ø)
sb

|2
2

,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield *

B

(µ) = (460 ± 110) MeV
for µ = 1 GeV [28] (see also [29]). Note that *

B

can
be determined from B ! +,$. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

from experiment, φ→e+e-

23

Bauer, Pirjol, Stewart (01); Bauer et al. (02); 
Beneke, Chapovsky, Diehl, Feldmann (02);
Ball, Braun (1996); Ball et al. (2006, 2007);
Arthur et al. (10)



Final result for the BR(h → φγ)

3

The leading twist chiral-odd LCDA !
?

(u) is defined
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p,"
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s(0)|0" =

# if �

?

! 1

0
dueiup·x("
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p
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)! �
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(u).
(8)

The partial decay width for h $ !$ decay is

�
h!��

=
1

8%
1

m
h

|M �

ss

|2, (9)

where we used the fact that |&�
?

·&� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h $ '$ and h $ ($ are similarly given by

�
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dd

# M ⇢
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|2
16%m

h

, �
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=
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|2
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h

,

(10)
where the amplitudes are obtained from M �

ss

via the re-
placements s $ u, d and ! $ ' , ( . For simplicity we
have neglected ( # ! mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the !

?

are truncated at second or-
der, yielding !1/u ū"�

?

= 6.84(42), !1/u ū"⇢
?

= 6.84(36),
!1/u ū"!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f
⇢

= 0.216(6)GeV, f
!

= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f �,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f �

?

= 0.191(28)GeV, f ⇢

?

=
0.160(25)GeV, f !

?

= 0.139(27)GeV. Normalizing to the
h $ b̄b branching ratio gives
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where we have neglected the smaller )̄ 2
s,d,u

terms. The
SM BR

h!b

ø
b

= 0.57 is kept explicit in the denominators.
The numerators thus give the h $ (! , ' , ( )$ branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying )̄
s,d,u

have a relative error
of O(20%). This means that for )̄

i

% O(1), deviations
from the SM predictions for h $ (! , ' , ( )$ can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic ! , ' and (
decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and øs.

QCD e↵ects, e.g. power corrections. For instance, the
h $ gg $ gq̄q$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10�4 of the SM BR

h!��

.
The expected deviation in the h $ !$ branching ratio

from its SM value is shown in Fig. 2, as a function of
)
�

and )̄
s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.

Flavor-violating photonic decays . The radiative
decays h $ V$, where V = B ⇤0

s

, B ⇤0
d

, K ⇤0, D ⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings )̄

bs,sb

, )̄
bd,db

, )̄
sd,ds

and )̄
cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h $ K ⇤0$ rate is readily obtained from the results of the
previous section, yielding an O(10�8) branching ratio for
)̄
ds

% O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B ⇤0
(s) and D ⇤0 LCDA are heavily

weighted toward the band c quarks (we treat the c quark
as heavy, m

c

' ⇤QCD ). Focusing first on the h $ B̄ ⇤0
s

$
decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate bquark line is O(⇤QCD /m

b

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield *

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that *

B

can
be determined from B $ +,$. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

3

The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:

h�(p,"
?

)|s̄(x)�µ ! s(0)|0i =

� if "
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Z 1

0
dueiup ·x ("
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(u).
(8)

The partial decay width for h ! �� decay is
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1
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ss |2, (9)

where we used the fact that |✏"
?

á✏# | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by
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|M $

dd � M $
uu |2

16⇡mh
, �h!%# =
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uu |2

16⇡mh
,

(10)
where the amplitudes are obtained from M "

ss via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/u ūi"

?

= 6.84(42), h1/u ūi$
?

= 6.84(36),
h1/u ūi%

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f " = 0.235(5)GeV,
f $ = 0.216(6)GeV, f % = 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f " ,$,%

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

?

= 0.191(28)GeV, f $
?

=
0.160(25)GeV, f %

?

= 0.139(27)GeV. Normalizing to the
h ! b̄b branching ratio gives
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(11)

where we have neglected the smaller ̄

2
s,d,u terms. The

SM BRh!b̄b = 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄s,d,u have a relative error
of O(20%). This means that for ̄i ⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BRh!"# .
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of
# and ̄s. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V�, where V = B ⇤0
s , B ⇤0

d , K ⇤0, D ⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄bs,sb, ̄bd,db, ̄sd,ds and ̄cu,uc . These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K ⇤0

� rate is readily obtained from the results of the
previous section, yielding an O(10�8) branching ratio for
̄ds ⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B ⇤0
(s) and D ⇤0 LCDA are heavily

weighted toward the band c quarks (we treat the c quark
as heavy, mc � ⇤QCD). Focusing first on the h ! B̄ ⇤0

s �

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate bquark line is O(⇤QCD/m b) suppressed and can be
neglected. We thus obtain the partial decay width
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(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �B (µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �B can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

Similar holds
for 1st generation:

♦ The resulting sensitivity:

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)24

3

The partial decay width for h ! �� is

! h!��

=
1

8⇡
1
mh

|M�

ss |2, (9)

where |✏�
?

· ✏� | = 1 for the two possible photon polariza-
tions, so that the two corresponding decay amplitudes are
equal in size. The decay widths forh ! ⇢� and h ! !�
are similarly given by

! h!⇢�

=
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uu |2
16⇡mh

, ! h!!�

=
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dd + M!

uu |2
16⇡mh

,

(10)
where the amplitudes are obtained fromM�

ss via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the�

?

are truncated at second or-
der, yielding h1/uøui�

?

= 6 .84(42), h1/uøui⇢
?

= 6 .84(36),
h1/uøui!

?

= 6 .84(72), using the inputs from [28] and Þxing
µ = 1 GeV. The decay constants aref

�

= 0 .235(5) GeV,
f
⇢

= 0 .216(6) GeV, f
!

= 0 .187(10) GeV [28]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf�,⇢,!

?

in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [28] to obtain f�

?

= 0 .191(28) GeV, f⇢

?

=
0.160(25) GeV, f!

?

= 0 .139(27) GeV. Normalizing to the
h ! bøb branching ratio gives
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(11)

where we have neglected the smaller ø2
s,d,u terms. When

calculating the theoretical error on the indirect ampli-
tude, we have added in quadrature an additional uncer-
tainty associated with the scale choice of the electromag-
netic coupling that appears. The SM BRh!b̄b = 0 .57 is
kept explicit in the denominators. The numerators thus
give the h ! (�, ⇢,!)� branching ratios if the Higgs has
the SM total decay width. The expected deviation from
the SM h ! �� branching ratio is shown in Fig. 2, as a
function of 

�

and øs.
The coe" cients multiplying øs,d,u in (11) have a rel-

ative error of O(20%). This means that for øi ⇠ O(1),
deviations from the SM predictions for h ! (�, ⇢,!)�
can be signiÞcantly larger than the SM errors. The lat-
ter can be systematically reduced through advances in
lattice QCD and measurements of the leptonic�, ⇢ and
! decays. The BR predictions are relatively insensitive to
other non-perturbative QCD e#ects, e.g. power correc-
tions. For instance, h ! gg ! gøqq� yields a higher Fock
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

state contribution to h ! �� of O(few)⇥10�4 of the SM
BR. Finally, the electroweak amplitude due to a W or Z
and a c- or s-quark in the loop (the Higgs attaches to the
gauge boson) scales asO(↵W /4⇡)⇥O(m

�

/mh ), yielding
O(10�2) of the SM h ! �� branching ratio.

Flavor-violating photonic decays . The radiative
decays h ! V �, where V = B⇤0

s , B⇤0
d , K⇤0, D⇤0 pro-

vide interesting possibilities to probe the ßavor-violating
Higgs couplings øbs,sb, øbd,db, øsd,ds and øcu,uc . They
only receive direct amplitude contributions, since photon
splitting preserves ßavor. Theh ! K⇤0� rate is readily
obtained from the results of the previous section, yield-
ing an O(10�8) branching ratio for øds ⇠ O(1), out of
reach of planned colliders. We thus focus on the decays
to heavy mesons.

The essential di#erence with respect to the light
mesons is that the B⇤0

(s) and D⇤0 LCDA are heavily
weighted toward the b and c quarks (we treat the c quark
as heavy,mc � $QCD). For h ! øB⇤0

s �, the dominant
leading power contribution, in a generalR

⇠

gauge, due
to photon emission from the intermediates-quark, is
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(12)
HQET sum rule estimates of the inverse moment of the
B meson LCDA yield �B (µ) = (460 ± 110) MeV for
µ = 1 GeV [29] (see also [30]). Note that �B can be de-
termined from B ! `⌫�. Present limits, including NLO
radiative corrections, yield a result compatible with the
above estimate [31, 32]. We have assumed ßavor SU(3)
symmetry so that �B is the same forB0

s and B0
d . Nu-

merically one has,

BRh!B̄ ⇤0
s �

BRh!b̄b
=

BR(1)
B̄ ⇤0

s �

0.57ø2
b

|øbs|2 + |øsb|2
2

, (13)

where BR(1)
B̄ ⇤0

s �

= (2 .1± 1.0) · 10�7. The h ! øB⇤0� and

h ! D⇤0� branching ratios are obtained by replacing



Higgs to light quarks sensitivity - 
projections for HL-LHC

GP, Soreq, Stamou & Tobioka (15).



Summary

26

♦ C-tagging based analysis is just “waiting” for someone to dominate the field.  

♦ To improve on the exclusive miserable situation, one needs to device new methods, 

to use the “quiet” nature of the Higgs decay. (new class of jet substructure)   

GP, Soreq, Stamou & Tobioka (May/15)

Inclusive (c-tagging): c < 4;

Exclusive (J/ �): c < 40;

Exclusive (��): s < 2000.

♦ What about CMS? Impact of ATLAS new IBL? LHCb?



Briefly: “Is the relaxion an axion?”
Gupta, Komargodski, GP & Ubaldi (this week)

Cosmological Relaxation of the Electroweak Scale 
Graham, Kaplan & Rajendran, 4/15



Brief: Comments on the Relaxion Proposal

28

Graham, Kaplan & Rajendran (15)

!
! 2 ! g2�2

"
H†H " �relaxed # ⇤

g ; (assume : ! $ v)

V (�) = r2g2! 2�2 ! vnM4�n
X cos(�/f) (expect : MX < 4⇡v; 4 %n > 0)

Controlling �-couplings ) assume it’s a compact field, axion/pNGB.

Espinosa, Grojean, Panico, Pomarol, Pujolàs & Servant (15)



Brief: Comments on the Relaxion Proposal

29

Gupta, Komargodski, GP & Ubaldi (15)

Under several cosmological restrictions (no time to discussed but constraints are weaker), 
the relaxion will stop rolling on its first extremum:

!
! 2 ! g2�2

"
H†H " �relaxed # ⇤

g ; (assume : ! $ v)

V (�) = r2g2! 2�2 ! vnM4�n
X cos(�/f) (expect : MX < 4⇡v; 4 %n > 0)

V 0(�) = 0 ) !
relaxed

f &
!

!
4" v

"4 ⇥ r2
h
g .

�
4⇡v
⇤

�4 ⇥ ⇤
fr2

i

⇤ � TeV ) h�i � f required to be physical.



Brief: Comments on the Relaxion Proposal
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Gupta, Komargodski, GP & Ubaldi (15)

⇤ � TeV ) h�i � f required to be physical.

However, pNGB/axion just correspond to a compact manifold. 

A shift,                                               lead to same physics.   � ! �+ 2n⇡f (n 2 Z)

This is a redundant description of the theory <=> discrete gauge 
symm. (no field theory example breaks it)



Linear sigma U(1) ex.
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Gupta, Komargodski, GP & Ubaldi (15)

Consider spontaneously broken global U(1), h�i = f .

Non-linear mapping, � ! ⇢ exp[i�/f ], ⇢2 = �

†
� (⇢,� 2 R).

� ! �+ 2⇡nf maps the field � onto itself.

Any O(�), including those that break the global symmetry,

will respect this discrete gauge symmetry.



Implications, slight parametric improvements 
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Gupta, Komargodski, GP & Ubaldi (15)

f & !
relaxed

) ! . 4" v!
r . 2TeV!

r

r & 1

4! ) ! . 8TeV

If sym’ is broken by two f ’s f
UV

= nf : ! . 8TeV ⇥ n
1
4

Interesting implications for little hierarchy problem.



A little-miraculous-familon-relaxion model
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Gupta, Komargodski, GP & Ubaldi (15)

to try and avoid this conclusion and it would be interesting to see if any of them (or some

other idea) could work. One could still compare the relaxion scenario to other approaches

towards solving the little hierarchy problem where the relevant degrees of freedom of the

e! ective theory are in the few-TeV range or even below (see e.g. Refs. [25–28] and references

therein).

In the following section we introduce a simple concrete realization of the relaxation

framework, with the aim of elucidating the theoretical di" culties and the partial solutions

mentioned above in a more concrete way. In our specific construction we will incorporate

the items (ii) and (iv) in an attempt to push the cut-o! to the few-TeV scale.

3 A Familon Model

In this section we present a calculable realization of the cosmological relaxation frame-

work [1]. In our model the rolling field ! is a familon, the pNGB of a spontaneously broken

flavor symmetry. We use this model to demonstrate explicitly the points of the previous

section and we also analyze its phenomenological properties.

We will assume that the period f UV of the rolling field is related to the period f that

appears in the low energy e! ective action as

f UV = 2nf , n ! N . (3.1)

This can be achieved by assuming that the fields in the back-reacting sector carry charges

in integer units of n. (The origin of the factor of 2 in (3.1) will be clear below.) Our

Lagrangian for the back-reacting sector is

L = " y1e
i 2n !

f UV "!" h! L " N " y2h  ! L c
! N " mL "!" L ! L c

" "
mN

2
NN + h.c. . (3.2)

We use two-component spinor notation for the fermions, "!" is the antisymmetric symbol

of SU(2)L , hT ! = (h+ , h0). L and L c are doublets under the SU(2)L gauge group of the

SM, with opposite hypercharge,

L ! =

!
#
E

"

L c
! =

!
E c

#c

"

, (3.3)

while N is a SM singlet. ! is the familon field. (It can be realized, for instance, when a

flavon field # = $exp[i ! /f UV ] aquires a VEV.)

If mN = 0 (but we always keep mL #= 0) the model has a U(1)NL global symmetry

under which the fields transform as follows:

U(1)NL

N -n

L -n

L c n

h 0

ei #/f UV 1

SM 0
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The normalization of the charges under U(1)NL is chosen so that the flavon field has unit

charge. Note that an e↵ective periodicity as in (3.1) appears in the back-reacting sector.

Clearly, mN 6= 0 explicitly (softly) breaks the U(1)NL symmetry. For mN = 0, the

continuous shift symmetry prevents any potential for �.

For mN 6= 0 a two-loop potential for the relaxion is generated even in the Electroweak-

preserving vacuum. Let us first continue with a one-loop analysis where a potential for �

is not generated unless the Higgs also obtains a VEV. We will then come back to the issue

of two-loop corrections.

The one-loop Coleman-Weinberg potential for � is

V
CW

(�) = � ⇤2

16⇡2

Tr
h
M †(�)M(�)

i
� 1

32⇡2

Tr

⇣
M †(�)M(�)

⌘
2

log
M †(�)M(�)

⇤2

�
, (3.4)

where the mass matrix in the {N, ⌫, ⌫c} basis is

M(�) =

0

B@
mN �y

1

h0U y
2

h0⇤

�y
1

h0U 0 mL

y
2

h0⇤ mL 0

1

CA , (3.5)

with U ⌘ e
i 2n�
fUV . The term relevant to our discussion is given by

V
CW

(�) ' � 1

4⇡2

mLmNy
1

y
2

|h0|2 cos
✓
�

f

◆
log

✓
⇤2

m̃2

◆
, (3.6)

where m̃ is the larger of mL and mN . Upon EWSB, hh0i = v = 174 GeV, this gives the

contribution

V EWSB

CW

(�) = � 1

4⇡2

mLmNy
1

y
2

v2 cos

✓
�

f

◆
log

✓
⇤2

m̃2

◆
. (3.7)

From this potential we can find the mass of �, by expanding around the minima:

m� ' 0.5 MeV
⇣ mL

900 GeV

⌘ 1
2
⇣ mN

900 GeV

⌘ 1
2
⇣y

1

1

⌘ 1
2
⇣y

2

1

⌘ 1
2

✓
10 TeV

f

◆
. (3.8)

As we mentioned above, the symmetries allow for the generation of a potential for �

even before electroweak symmetry breaking. (For a related discussion see Ref. [3].) Such

a contribution would take the form

V 2�loop

CW

(�) ⇠ � 1

4⇡2

mLmNy
1

y
2

✓
⇤2

c

16⇡2

◆
cos

✓
�

f

◆
. (3.9)

For example, one can think about this as coming from (3.6) where we contract the two

factors of h in an additional loop. (In (3.9) we suppressed an additional possible multi-

plicative logarithm.) We can think of ⇤c as the scale at which the Higgs loop is cut o↵. In

order for � not to stop rolling before EWSB we must have V 2�loop

CW

(�) < V EWSB

CW

(�). This

gives the condition that the h-loop must be cut o↵ at scale ⇤c such that,

⇤c . 4⇡v . (3.10)
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Eq. (3.10) can be satisÞed in a simple extension of our model wheremN is generated
by a mini-See-Saw mechanism from the following Lagrangian,

L = ! y1U!↵�h↵L�N ! y2h ↵L c
↵N ! mL !↵�L↵L c

� ! mD NN c !
mN c

2
N cN c + h .c. . (3.11)

We have just added to (3.2) a new fermion N c with a Majorana mass. If we integrate out
N c we obtain the original theory (3.2) with mN " m2

D /m N c .
We now prove that V (" ) has no quadratically divergent contribution from momenta

larger than mN c . First, we observe that the quadratically divergence piece must be analytic
in the couplings. Second, we observe that if we setmL = 0 the Coleman-Weinberg potential
for U must vanish. (The argument is the same as in the original model (3.2).) Similarly,
if we set mD = 0 or mN c = 0 we get that the Coleman-Weinberg potential must vanish.
Therefore the two-loop potential for U must be of the form (y1y2mL m2

D mN c U + h .c. ). In
particular, if we take mN c to be large compared with the other masses, this expression
reduces to (3.9) with ! c " mN c . Hence, we see that in the full theory (3.11) there can be
a log divergence at most. Using Eq. (3.10) this implies, mN c ! 3 TeV. This guarantees
that our estimates based on the one-loop computation remain valid.

Suppose that, in addition to the back-reacting sector described above, we add a heavier
sector (for instance a sector very similar to Eq. (3.11) but with U(1)NL charges of orderO(1)
and masses at the scale 4#M ) which explicitly breaks the shift symmetry and generates
the terms,

V (h) =
!
! 2 ! M 2 cos

"
"

f UV

#$
h  h + $(h  h)2 ,

V (" ) =
! 2M 2

16#2 cos
"

"
f UV

#
, (3.12)

that provide us with the analogs of (1.1), (1.2), (1.3). The periodicity visible in this sector
is " # " + 2#f UV , i.e. the fundamental gauge symmetry.

Since we are imagining that the origin of (3.12) is from a sector of heavy Þelds
like (3.11), V (h) arises at one-loop whileV (" ) is generated only at two-loops. Obviously,
we take M and ! to be of the same order as otherwise there is no way for the Higgs to
condense.

Now we are ready to work out the phenomenological implications of our model. The
relaxion " stops rolling when @

@� [V (" ) + V EWSB
CW (" )] = 0 , which gives

! "
!
4mL mN y1y2v2 f UV

f
log

"
m2

N c

÷m2

#$ 1
4

, (3.13)

where we have used

µ2 " 0 $ M 2 "
! 2

cos
%
�
f

& . (3.14)
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Figure 1: Constraints from dark matter phenomenology on our parameter space: y1 = y cos ✓,
y2 = y sin ✓ , and mL is adjusted according to the observed relic density. The blue contours corre-
spond to the following upper bounds on the cut-o↵: the cosmological constraints (dot-dashed), the
requirement that fUV < MPl (dashed), and by requiring a consistent theory that does not break the
discrete gauge symmetry using (3.15) with n = 10 (solid). The region shaded in grey is excluded by
LUX, while the brown region will be probed in the near future by the XENON 1Ton experiment.

As anticipated by general considerations in the previous section, ⇤ is of the order of the

TeV scale unless f
UV

� f , which requires the fundamental charge n in the back-reacting

sector to be very large (a very aesthetically unpleasant feature).5

A more precise computation of the cuto↵ gives us the upper bound

⇤ . 3, 5 TeV
⇣ mL

900 GeV

⌘ 1
4
⇣ mN

900 GeV

⌘ 1
4
⇣ y

1

4⇡

⌘ 1
4
⇣ y

2

4⇡

⌘ 1
4

✓
n

1, 10

◆ 1
4

. (3.15)

In [1] it has been argued that cosmological considerations enforce the inequalities

⇤2

M
Pl

< H < (V 0(�))
1
3 . (3.16)

The first inequality comes from requiring the energy density of � (⇠ ⇤4) to be lower than

the energy density of the inflaton, and the second inequality arises from the requirement

that the classical rolling dominates over the quantum fluctuations. In our scenario this

5Even if we allowed for the smallest charge under U(1)NL in the back-reacting sector to be ridiculously

large, n ⇠ 1016, so that fUV attains its maximal possible value, i.e. MPl, the cuto↵ would still be just

104 TeV. Note also that for a large value of n, the Yukawa coupling y1 arises from an extremely irrelevant

operator. Standard UV completions of flavon models would lead to a very small value for y1 so the actual

cuto↵ would be lower.
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       Conclusions

♦ Is the Higgs-mechanism behind the light quark masses?

35

♦ Charm coupling is constrained via charm-tagging, or exclusively.

♦ Established higgs-quarks non-universality.

♦ Field theoretic parametric relaxion mechanism is challenging.

♦ Still: relaxion models can address the little hierarchy problem,

\w new type of rich pheno (DM, particles etc …).
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Exclusive modes, projections

MITP workshop, July 17, 2014J. Zupan   An Exclusive Window onto Higgs…

future experimental 
prospects

• focus on h → φγ, use Pythia 8.1!

• main decay modes: φ →K⁺K⁻(49%), KLKS (34%), +⁺+⁻+°(15%)"

•  for pp→h → φγ at 14TeV LHC in 70 to 75% cases the kaons/pions 
and the prompt photon have |η| < 2.4"

• within the minimal fiducial volume of the ATLAS and CMS 
experiments!

• adopt the geometrical acceptance factor Ag = 0.75"

• do not include other efficiency or trigger factors!

• assume κγ = 1, negligible background, 3σ reach
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5

p
s [TeV]

R
L dt [fb! 1 ] # of events (SM) ̄s > (< ) ̄stat .

s > (< )

14 3000 770 0.56 (�1.2) 0.27 (�0.81)
33 3000 1380 0.54 (�1.2) 0.22 (�0.75)
100 3000 5920 0.54 (�1.2) 0.13 (�0.63)

Table I: Three future hadron colliders with expected center of mass energies, integrated luminosities, number of h ! �� events
for ̄s = ̄SM

s = ms/m b, the minimal (maximal) values of ̄s that can be probed with present (4th column) and negligible (last
column) theory error, see text.
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Future experiments

MITP workshop, July 17, 2014J. Zupan   An Exclusive Window onto Higgs…

future experimental 
prospects

• only a few events expected at e!e" colliders !

• ILC, ILC with luminosity upgrade, CLIC!

• probably too small for observation of h → #$ !

• "  30 events expected at FCC-ee (TLEP) !

• too small to probe a deviation from the SM 
prediction !

• h → #$  measurements unique to future hadron 
machines

16
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and the prompt photon have |η| < 2.4"
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experiments!
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• do not include other efficiency or trigger factors!
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̄
bs,sb

with ̄
bd,db

and ̄
cu,uc

, respectively, with BR(1)
B̄

⇤0
�

=

(1.4±0.7)·10�7 and BR(1)
D

⇤0
�

= (8.6±8.3)·10�8. We have
taken �

D

= �
B

, but have inflated the errors on �
D

by
a factor of 2. For the decay constants we have used the
FLAG averages f

Bs = 228(5)MeV, f
B

= 191(4)MeV,
and f

D

= 209(3)MeV [33].
The radiative decays to B⇤0 and B⇤0

s

are negligible in
the SM, where ̄

ij

= 0. Thus, their observation at future
high-luminosity hadron colliders would provide definitive
evidence for new physics in the Higgs Yukawa sector.

Exclusive decays with W and Z. The charged
h ! M�W+ decays di↵er qualitatively from the radia-
tive decays. The W attaches itself to a charged cur-
rent, allowing probes of flavor violating Higgs - top quark
couplings. The complication is that the W can have
both transverse and longitudinal polarizations, yield-
ing lengthier analytical expressions to be presented else-
where [34]. For the most promising mode we find

BR
h!B

⇤�
W

+

BR
h!bb̄

' 1.2 · 10�10
⇥
2
V

+ 22̄2
tu

+ 26̄2
ut

+ · · · ⇤

0.57̄2
b

,

(14)

where only the potentially largest contributions are
shown. The bounds on ̄

tu,ut

and ̄
tc,ct

from t ! hu, hc
decays are [35, 36] (|̄

tc

|2+|̄
ct

|2+|̄
tu

|2+|̄2
ut

|)1/2 < 7.1 ,
which implies that BR

h!B

⇤�
W

+  1.6 · 10�7 is allowed.
The h ! MZ decays feature smaller interference be-

tween the direct and indirect amplitudes, and are less
useful for measuring the Higgs couplings to light quarks.

Future experimental perspectives. We begin
by estimating the number of events at future collider
facilities. We focus on the h ! �� mode and use
Pythia 8.1 [37] to estimate its main features in proton-
proton collisions at the LHC with the center of-mass en-
ergy of 14 TeV. The main � decay modes (K

L,S

, K±,
⇡± and ⇡0) were explored. In ⇡ 75% of the decays the
kaons/pions and the prompt photon have |⌘| < 2.4 and
are thus within the minimal fiducial volume of the AT-
LAS and CMS experiments. We therefore adopt the ge-
ometrical acceptance factor of Ag = 0.75 below, but do
not include other e�ciency or trigger factors.

We focus on three facilities which were considered by
the Snowmass Higgs working group [10]: the HL-LHC,
a high-energy LHC (HE-LHC), and a VLHC. The Higgs
production cross sections at these machines are obtained
from the LHC Higgs cross section working group [38].
We have assumed two detectors for the HL-LHC and a
single detector for the other colliders.

We estimate the reach in ̄
s

that can be obtained, given
the current theoretical uncertainties and the expected
statistical errors. For simplicity, we assume 

�

= 1 as in
the SM. The significance of a deviation in the measured
value of BR

h!��

with respect to its SM prediction can
be quantified by S = |BR

h!��

� BRSM
h!��

|/(�BR
h!��

),

where (�BR
h!��

)2 = BR
h!��

/(�
h

LAg) + (�BRth
h!��

)2

is the estimated uncertainty. The first term is the statis-
tical uncertainty (�

h

is the total Higgs production cross
section and L is the integrated luminosity), while the sec-
ond term is the theoretical one, �BRth

h!��

⇡ 1.3 ·10�7 for

�

= 1, see Eq. (11). Our criterion for a large-enough de-
viation from the SM prediction is S � 3. Our results are
summarized in Table I. Only a few events are expected
in future electron-positron colliders (ILC, CLIC, TLEP).
Thus, the possibility of observing this mode appears to
be unique to the hadron machines.
The h ! �� mode o↵ers several promising experimen-

tal handles. The decay products, kaons or pions, fly in
a narrow cone, �R < 0.1, with tens of GeV of energy.
They reach the detector before they decay (except the
K

S

and ⇡0, which have much shorter lifetimes). The
most apparent features for identification of the charged
decay modes are the near collinearity of the photon and
the �-jet in the transverse plane, the jet sub-structure
information (two close high-p

T

tracks in a narrow cone)
and the di-track invariant mass distribution assuming
kaons/pions. A detailed experimental simulation will be
required to determine if this signature is feasible.
The h ! ⇢� and h ! !� modes have rates comparable

to or larger than the � channel, see Eq. (11). The ⇢
decays almost exclusively to ⇡+⇡�. This is a relatively
clean mode, similar to � ! K+K�, featuring two tracks
with high transverse momenta and a proper invariant
mass. The ! decays to ⇡+⇡�⇡0. This will be harder
to trigger on than the ⇢ or � modes, as the transverse
momenta of the charged pions are lower and the hard-to-
identify neutral pion smears the observable quantities.
A detailed experimental study is required to assess the
feasibility of this channel. The h ! B̄⇤0� mode is more
di�cult, as the B⇤0 decays to B0�, leading to a b-jet +
� final state. More study of this mode is needed.

Conclusions. In this Letter we have shown that rare
Higgs decays to vector mesons can explore the structure
of the Higgs Yukawa couplings to the first and second
generation quarks. Directly accessing the couplings of
the Higgs to the lightest quarks was previously thought
to be impossible. Rare decays of the form h ! MV o↵er
sensitivity to both flavor-conserving and flavor-violating
couplings of the Higgs. They are theoretically calculable,
experimentally promising, and should become a priority
at the LHC Run II and at future hadron colliders. We
look forward to further investigation of these ideas.
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Bs = 228(5)MeV, f
B

= 191(4)MeV,
and f
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= 209(3)MeV [33].
The radiative decays to B⇤0 and B⇤0

s

are negligible in
the SM, where !̄

ij

= 0. Thus, their observation at future
high-luminosity hadron colliders would provide definitive
evidence for new physics in the Higgs Yukawa sector.

Exclusive decays with W and Z. The charged
h ! M�W + decays di↵er qualitatively from the radia-
tive decays. The W attaches itself to a charged cur-
rent, allowing probes of flavor violating Higgs - top quark
couplings. The complication is that the W can have
both transverse and longitudinal polarizations, yield-
ing lengthier analytical expressions to be presented else-
where [34]. For the most promising mode we find
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where only the potentially largest contributions are
shown. The bounds on !̄
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|)1/2 < 7.1 ,
which implies that BR

h!B

⇤�
W

+  1.6 · 10�7 is allowed.
The h ! MZ decays feature smaller interference be-

tween the direct and indirect amplitudes, and are less
useful for measuring the Higgs couplings to light quarks.

Future experimental perspectives. We begin
by estimating the number of events at future collider
facilities. We focus on the h ! #$ mode and use
Pythia 8.1 [37] to estimate its main features in proton-
proton collisions at the LHC with the center of-mass en-
ergy of 14 TeV. The main # decay modes (K

L,S

, K± ,
%± and %0) were explored. In ⇡ 75% of the decays the
kaons/pions and the prompt photon have |&| < 2.4 and
are thus within the minimal fiducial volume of the AT-
LAS and CMS experiments. We therefore adopt the ge-
ometrical acceptance factor of Ag = 0.75 below, but do
not include other e�ciency or trigger factors.

We focus on three facilities which were considered by
the Snowmass Higgs working group [10]: the HL-LHC,
a high-energy LHC (HE-LHC), and a VLHC. The Higgs
production cross sections at these machines are obtained
from the LHC Higgs cross section working group [38].
We have assumed two detectors for the HL-LHC and a
single detector for the other colliders.

We estimate the reach in !̄
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that can be obtained, given
the current theoretical uncertainties and the expected
statistical errors. For simplicity, we assume !
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h
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section and L is the integrated luminosity), while the sec-
ond term is the theoretical one, ' BRth
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⇡ 1.3 ·10�7 for
!
�

= 1, see Eq. (11). Our criterion for a large-enough de-
viation from the SM prediction is S � 3. Our results are
summarized in Table I. Only a few events are expected
in future electron-positron colliders (ILC, CLIC, TLEP).
Thus, the possibility of observing this mode appears to
be unique to the hadron machines.
The h ! #$ mode o↵ers several promising experimen-

tal handles. The decay products, kaons or pions, fly in
a narrow cone, �R < 0.1, with tens of GeV of energy.
They reach the detector before they decay (except the
K

S

and %0, which have much shorter lifetimes). The
most apparent features for identification of the charged
decay modes are the near collinearity of the photon and
the #-jet in the transverse plane, the jet sub-structure
information (two close high-p

T

tracks in a narrow cone)
and the di-track invariant mass distribution assuming
kaons/pions. A detailed experimental simulation will be
required to determine if this signature is feasible.
The h ! )$ and h ! *$ modes have rates comparable

to or larger than the # channel, see Eq. (11). The )
decays almost exclusively to %+ %�. This is a relatively
clean mode, similar to # ! K+ K�, featuring two tracks
with high transverse momenta and a proper invariant
mass. The * decays to %+ %�%0. This will be harder
to trigger on than the ) or # modes, as the transverse
momenta of the charged pions are lower and the hard-to-
identify neutral pion smears the observable quantities.
A detailed experimental study is required to assess the
feasibility of this channel. The h ! B̄⇤0$ mode is more
di�cult, as the B⇤0 decays to B0$, leading to a b-jet +
$ final state. More study of this mode is needed.

Conclusions. In this Letter we have shown that rare
Higgs decays to vector mesons can explore the structure
of the Higgs Yukawa couplings to the first and second
generation quarks. Directly accessing the couplings of
the Higgs to the lightest quarks was previously thought
to be impossible. Rare decays of the form h ! MV o↵er
sensitivity to both flavor-conserving and flavor-violating
couplings of the Higgs. They are theoretically calculable,
experimentally promising, and should become a priority
at the LHC Run II and at future hadron colliders. We
look forward to further investigation of these ideas.
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p
s [TeV]

R
L dt [fb! 1 ] # of events (SM) ̄s > (< ) ̄stat .

s > (< )

14 3000 770 0.56 (�1.2) 0.27 (�0.81)
33 3000 1380 0.54 (�1.2) 0.22 (�0.75)
100 3000 5920 0.54 (�1.2) 0.13 (�0.63)

Table I: Three future hadron colliders with expected center of mass energies, integrated luminosities, number of h ! �� events
for ̄s = ̄SM

s = ms/m b, the minimal (maximal) values of ̄s that can be probed with present (4th column) and negligible (last
column) theory error, see text.

Foundation under CAREER Grant PHY-1151392.

" Electronic address:kaganal@ucmail.uc.edu
† Electronic address:gilad.perez@cern.ch
‡ Electronic address:f-petriello@northwestern.edu
§ Electronic address:yotam.soreq@weizmann.ac.il
¶ Electronic address:stoyan.stoynev@cern.ch

"" Electronic address:zupanje@ucmail.uc.edu
[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716

(2012) 1, [arXiv:1207.7214 [hep-ex]].
[2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B

716 (2012) 30, [arXiv:1207.7235 [hep-ex]].
[3] ATLAS Collaboration, ATLAS-CONF-2013-034.
[4] CMS Collaboration, CMS-PAS-HIG-13-005.
[5] See e.g. models that lead to large deviations from the

SM light quark Yukawas: G. F. Giudice and O. Lebedev,
Phys. Lett. B 665, 79 (2008) [arXiv:0804.1753 [hep-ph]];
C. Delaunay, C. Grojean and G. Perez, JHEP 1309, 090
(2013) [arXiv:1303.5701 [hep-ph]].

[6] It is not inconceivable that light quark masses are not
induced by the Higgs VEV, but by other subdominant
sources of electroweak symmetry breaking.

[7] C. Delaunay, T. Golling, G. Perez and Y. Soreq, Phys.
Rev. D 89, 033014 (2014) [arXiv:1310.7029 [hep-ph]].

[8] ATLAS Collaboration, ATLAS-CONF-2013-010.
[9] CMS Collaboration, CMS PAS HIG-13-007.

[10] S. Dawson, A. Gritsan, H. Logan, J. Qian, C. Tully,
R. Van Kooten, A. Ajaib and A. Anastassov et al.,
arXiv:1310.8361 [hep-ex].

[11] G. T. Bodwin, F. Petriello, S. Stoynev and M. Velasco,
Phys. Rev. D 88, 053003 (2013) [arXiv:1306.5770 [hep-
ph]].

[12] G. Isidori, A. V. Manohar and M. Trott, Phys. Lett. B
728, 131 (2014) [arXiv:1305.0663 [hep-ph]].

[13] B. A. Kniehl and M. Spira, Z. Phys. C 69, 77 (1995)
[hep-ph/9505225].

[14] J. Beringer et al. [Particle Data Group Collaboration],
Phys. Rev. D 86, 010001 (2012).

[15] [ATLAS Collaboration], ATLAS-CONF-2012-091;
ATLAS-CONF-2012-109; ATLAS-CONF-2013-012;
ATLAS-CONF-2013-013; ATLAS-CONF-2013-015;
ATLAS-CONF-2013-018; ATLAS-CONF-2013-028;
ATLAS-CONF-2013-030; ATLAS-CONF-2013-079;
ATLAS-CONF-2013-080; ATLAS-CONF-2013-095;
ATLAS-CONF-2013-108; ATLAS-CONF-2014-011;
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B
726, 88 (2013) [arXiv:1307.1427 [hep-ex]].

[16] [CMS Collaboration], CMS-PAS-HIG-12-015; CMS-PAS-
HIG-13-001; CMS-PAS-HIG-13-002; CMS-PAS-HIG-

13-004; CMS-PAS-HIG-13-012; CMS-PAS-HIG-13-019;
CMS-PAS-HIG-13-020; S. Chatrchyan et al. [CMS Col-
laboration], JHEP 1401, 096 (2014) [arXiv:1312.1129
[hep-ex]]; S. Chatrchyan et al. [CMS Collaboration],
arXiv:1401.5041 [hep-ex]; V. Khachatryan et al. [CMS
Collaboration], arXiv:1405.3455 [hep-ex].

[17] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D 88,
052013 (2013) [arXiv:1301.6668 [hep-ex]]; V. M. Abazov
et al. [D0 Collaboration], Phys. Rev. D 88, 052011 (2013)
[arXiv:1303.0823 [hep-ex]].

[18] P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak and
G. Weiglein, arXiv:1403.1582 [hep-ph].

[19] A. Falkowski, F. Riva and A. Urbano, JHEP 1311, 111
(2013) [arXiv:1303.1812 [hep-ph]].

[20] R. V. Harlander and W. B. Kilgore, Phys. Rev. D 68,
013001 (2003) [hep-ph/0304035].

[21] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt,
Eur. Phys. J. C 63, 189 (2009) [arXiv:0901.0002 [hep-
ph]].

[22] R. Harnik, J. Kopp and J. Zupan, JHEP 1303, 026
(2013) [arXiv:1209.1397 [hep-ph]].

[23] G. Blankenburg, J. Ellis and G. Isidori, Phys. Lett. B
712 (2012) 386 [arXiv:1202.5704 [hep-ph]].

[24] F. Goertz, arXiv:1406.0102 [hep-ph].
[25] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachra-

jda, Nucl. Phys. B 591, 313 (2000) [hep-ph/0006124].
[26] P. Ball, V. M. Braun, Y. Koike and K. Tanaka, Nucl.

Phys. B 529, 323 (1998) [hep-ph/9802299].
[27] M. Beneke and T. Feldmann, Nucl. Phys. B 592, 3 (2001)

[hep-ph/0008255].
[28] M. Dimou, J. Lyon and R. Zwicky, Phys. Rev. D 87

(2013) 7, 074008 [arXiv:1212.2242 [hep-ph]].
[29] V. M. Braun, D. Y. .Ivanov and G. P. Korchemsky, Phys.

Rev. D 69 (2004) 034014 [hep-ph/0309330].
[30] A. Khodjamirian, arXiv:1312.6480 [hep-ph].
[31] M. Beneke and J. Rohrwild, Eur. Phys. J. C 71 (2011)

1818 [arXiv:1110.3228 [hep-ph]].
[32] V. M. Braun and A. Khodjamirian, Phys. Lett. B 718

(2013) 1014 [arXiv:1210.4453 [hep-ph]].
[33] S. Aoki, Y. Aoki, C. Bernard, T. Blum, G. Colangelo,

M. Della Morte, S. Drr and A. X. El Khadra et al.,
arXiv:1310.8555 [hep-lat].

[34] Alexander L. Kagan, Gilad Perez, Frank Petriello,
Yotam Soreq, Stoyan Stoynev and Jure Zupan, work in
progress.

[35] G. Aad et al. [ATLAS Collaboration], arXiv:1403.6293
[hep-ex].

[36] CMS collaboration, CMS-PAS-HIG-13-034.
[37] T. Sjostrand, S. Mrenna and P. Z. Skands, Comput. Phys.

Commun. 178, 852 (2008) [arXiv:0710.3820 [hep-ph]].
[38] https://twiki.cern.ch/twiki/bin/view/LHCPhysics/

CrossSections



Thoughts about experimental strategy 
• for h → φγ decay most promising φ →K"K#

• near collinearity of the photon and the φ-jet in the 
transverse plane

• jet sub-structure information

• two close high-pT tracks in a narrow cone

• di-track invariant mass distribution assuming kaons

• 1.5% (better than 15 MeV) resolution (CMS)
• can probably be used to significantly cut on the background

• on jet+γ QCD backgrounds

• on h → φγ+nπ°,  η(‘)(→neutr.) γ

• dedicated trigger probably required to enhance the reach40



Thoughts about experimental strategy 

• h → ρ°γ mode

• Br(ρ°→ π"π#)~100% 

• relatively clean mode, similar to φ →K"K# decay

• h → ωγ mode

• Br(ω→ π"π#π°)~89% 

• harder to trigger on

• hard-to-identify π° smears the observable 
quantities

• a detailed experimental study required
41



Flavor violating couplings

• FV modes h → B̄s0∗γ, h → B̄0∗γ, h → K̄0∗γ , h → D0∗γ 

• can probe κ̄bs,sb, κ̄bd,db, κ̄sd,ds and κ̄cu,uc

• h → K̄0∗γ similar expr. as  h → φγ

• but only direct amplitude

• for κ̄ds ∼ O(1) ⇒ Br(h → K̄0∗γ)~O(10−8)

• not observable at planned future colliders

d
d

BRh! B̄⇤0
s �

BRh! bb̄
=

(2.1± 1.0) · 10" 7

0.57ø2
b

|øbs|2 + |øsb|2

2
,

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)
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 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

charm jets identified by combining “information from the impact 
parameters of displaced tracks and topological properties of 
secondary and tertiary decay vertices” using multivariate techniques
 

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data

tt̄
30 < pT < 200c

s

H

W

yc

in the SM.
5The tt̄h ! 4` signal is comprised of the final states WW (54.1%), ZZ(17.4%) and ⌧⌧(28.5%)
in the SM.

Analysis Signal strength Signal contamination [in %]
ggH VBF WH ZH tt̄H

ATL (pp)� > h� > WW� > l⌫l⌫(inclusive) [?] 1.08+0.22
�0.20 89.8 5.7 2.6 1.5 0.4

ATL (pp)� > h� > ZZ� > 4l(inclusive) [?] 1.44+0.40
�0.33 89.8 5.7 2.6 1.5 0.4

ATL (pp)� > h� > ��(inclusive) [?] 1.17+0.27
�0.27 89.8 5.7 2.6 1.5 0.4

ATL (pp)� > h� > ⌧⌧ [?] 1.42+0.43
�0.37 90.1 5.7 2.7 1.5 0.0

ATL (pp)� > V h� > V bb [?] 0.51+0.40
�0.37 0.0 0.0 63.3 36.7 0.0

CMS (pp)� > h� > WW [?] 0.72+0.20
�0.18 90.1 5.7 2.7 1.5 0.0

CMS (pp)� > h� > ZZ� > 4l [?] 0.93+0.29
�0.25 90.1 5.7 2.7 1.5 0.0

CMS (pp)� > h� > ��(inclusive) [?] 1.14+0.26
�0.23 89.8 5.7 2.6 1.5 0.4

CMS (pp)� > h� > ⌧⌧ [?] 0.78+0.27
�0.27 90.1 5.7 2.7 1.5 0.0

CMS (pp)� > V h� > bb [?] 1.00+0.50
�0.50 0.0 0.0 63.3 36.7 0.0

B qq̄ fusion

The production via qq̄ ! h in pp with 8TeV are

�uū!h =

✓
yu
ySMb

◆
2

9.16 pb , (25)

�d ¯d!h =

✓
yd
ySMb

◆
2

6.29 pb , (26)

�ss̄!h =

✓
ys
ySMb

◆
2

1.67 pb , (27)

�cc̄!h =

✓
yc
ySMb

◆
2

0.83 pb . (28)
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FIG. 1. 68.3% CL (cyan) and 95.5% CL (gray) allowed re-
gions in µcÐµb plane. The best-Þt (SM) point is indicated
by the black circle (blue rectangle). The green(orange) bands
are the 68.3% CL bands obtained from ATLAS(CMS) data.
The labels (a)-(f) refer to the criteria in Table II. Note that
region (d) is not shown because it is too broad.

moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ! 2

c/b , categories (a)-(f) in

Table II. Whereas the tagging e! ciencies have a pjet
T de-

pendence, we verified that the ratio of e! ciencies such as
! 2

c/b is less sensitive to the pjet
T , see [35, 37]. Hereafter we

assume the e! ciencies for each analysis to be constant.
For our recast study we proceed as follows. From ex-

isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B ! 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di" erent ! 2

c/b depending on the
category. We have constructed a likelihood function,
L (µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

" (µc, µb) = " 2 log
L (µc, µb)

L (µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di" erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)
! 95(180) at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.
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FIG. 2. Example diagram that modiÞes V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
#c # yc/y SM

c , where similar definitions hold for all Higgs
couplings. Relative signs between #’s do not a" ect our
main results and we thus stick to #X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcøc/ BRSM
cøc . 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound #c from above, namely the in-
equality is satisfied even in the #c $ % or BRcøc $ 1
limit. However, as #c (or more generally #u,d,s,c ) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of #c are presented
in Fig. 3 and roughly given by
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for large #c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. #V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

#c . 234 at 95% CL , (11)

where #b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h $ 4%and h $ &&
signal. These bounds are limited by the experimental
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moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ✏2c/b, categories (a)-(f) in

Table II. Whereas the tagging e�ciencies have a pjet

T

de-
pendence, we verified that the ratio of e�ciencies such as
✏2c/b is less sensitive to the pjet

T

, see [35, 37]. Hereafter we
assume the e�ciencies for each analysis to be constant.

For our recast study we proceed as follows. From ex-
isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B � 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di↵erent ✏2c/b depending on the
category. We have constructed a likelihood function,
L (µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

�(µc, µb) = �2 log
L (µc, µb)

L (µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di↵erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)

�95(180)

at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.
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FIG. 2. Example diagram that modifies V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
c ⌘ yc/y SM

c , where similar definitions hold for all Higgs
couplings. Relative signs between ’s do not a↵ect our
main results and we thus stick to X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcc̄/ BRSM

cc̄ . 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound c from above, namely the in-
equality is satisfied even in the c ! 1 or BRcc̄ ! 1
limit. However, as c (or more generally u,d,s,c) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of c are presented
in Fig. 3 and roughly given by
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for large c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

c . 234 at 95% CL , (11)

where b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h ! 4` and h ! ��
signal. These bounds are limited by the experimental
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are the 68.3% CL bands obtained from ATLAS(CMS) data.
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moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ! 2

c/b , categories (a)-(f) in

Table II. Whereas the tagging e! ciencies have a pjet
T de-

pendence, we verified that the ratio of e! ciencies such as
! 2

c/b is less sensitive to the pjet
T , see [35, 37]. Hereafter we

assume the e! ciencies for each analysis to be constant.
For our recast study we proceed as follows. From ex-

isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B ! 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di" erent ! 2

c/b depending on the
category. We have constructed a likelihood function,
L (µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

" (µc, µb) = " 2 log
L (µc, µb)

L (µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di" erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)
! 95(180) at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.
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FIG. 2. Example diagram that modiÞes V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
#c # yc/y SM

c , where similar definitions hold for all Higgs
couplings. Relative signs between #’s do not a" ect our
main results and we thus stick to #X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcøc/ BRSM
cøc ! 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound #c from above, namely the in-
equality is satisfied even in the #c $ % or BRcøc $ 1
limit. However, as #c (or more generally #u,d,s,c ) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of #c are presented
in Fig. 3 and roughly given by
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for large #c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. #V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

#c ! 234 at 95% CL , (11)

where #b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h $ 4%and h $ &&
signal. These bounds are limited by the experimental
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moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ✏2c/b, categories (a)-(f) in

Table II. Whereas the tagging e�ciencies have a pjet

T

de-
pendence, we verified that the ratio of e�ciencies such as
✏2c/b is less sensitive to the pjet

T

, see [35, 37]. Hereafter we
assume the e�ciencies for each analysis to be constant.

For our recast study we proceed as follows. From ex-
isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B � 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di↵erent ✏2c/b depending on the
category. We have constructed a likelihood function,
L(µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

�(µc, µb) = �2 log
L(µc, µb)

L(µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di↵erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)

�95(180)

at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.
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FIG. 2. Example diagram that modiÞes V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
c ⌘ yc/ySM

c , where similar definitions hold for all Higgs
couplings. Relative signs between ’s do not a↵ect our
main results and we thus stick to X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcc̄/BRSM

cc̄ . 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound c from above, namely the in-
equality is satisfied even in the c ! 1 or BRcc̄ ! 1
limit. However, as c (or more generally u,d,s,c) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of c are presented
in Fig. 3 and roughly given by
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for large c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

c . 234 at 95% CL , (11)

where b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h ! 4` and h ! ��
signal. These bounds are limited by the experimental
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moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ✏2c/b, categories (a)-(f) in

Table II. Whereas the tagging e�ciencies have a pjet

T

de-
pendence, we verified that the ratio of e�ciencies such as
✏2c/b is less sensitive to the pjet

T

, see [35, 37]. Hereafter we
assume the e�ciencies for each analysis to be constant.

For our recast study we proceed as follows. From ex-
isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B � 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di↵erent ✏2c/b depending on the
category. We have constructed a likelihood function,
L(µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

�(µc, µb) = �2 log
L(µc, µb)

L(µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di↵erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)

�95(180)

at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.
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FIG. 2. Example diagram that modiÞes V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
c ⌘ yc/ySM

c , where similar definitions hold for all Higgs
couplings. Relative signs between ’s do not a↵ect our
main results and we thus stick to X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcc̄/BRSM

cc̄ . 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound c from above, namely the in-
equality is satisfied even in the c ! 1 or BRcc̄ ! 1
limit. However, as c (or more generally u,d,s,c) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of c are presented
in Fig. 3 and roughly given by
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for large c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

c . 234 at 95% CL , (11)

where b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h ! 4` and h ! ��
signal. These bounds are limited by the experimental
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moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ✏2c/b, categories (a)-(f) in

Table II. Whereas the tagging e�ciencies have a pjet

T

de-
pendence, we verified that the ratio of e�ciencies such as
✏2c/b is less sensitive to the pjet

T

, see [35, 37]. Hereafter we
assume the e�ciencies for each analysis to be constant.

For our recast study we proceed as follows. From ex-
isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B � 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di↵erent ✏2c/b depending on the
category. We have constructed a likelihood function,
L(µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

�(µc, µb) = �2 log
L(µc, µb)

L(µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di↵erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)

�95(180)

at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.
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FIG. 2. Example diagram that modiÞes V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
c ⌘ yc/ySM

c , where similar definitions hold for all Higgs
couplings. Relative signs between ’s do not a↵ect our
main results and we thus stick to X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcc̄/BRSM

cc̄ . 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound c from above, namely the in-
equality is satisfied even in the c ! 1 or BRcc̄ ! 1
limit. However, as c (or more generally u,d,s,c) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of c are presented
in Fig. 3 and roughly given by
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for large c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

c . 234 at 95% CL , (11)

where b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h ! 4` and h ! ��
signal. These bounds are limited by the experimental
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♦ Use the eff. Lagrangian: 

Exclusive path towards Higgs-light quark couplings

in the SM: 

Notice that: 
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV indicates either ! , W or Z . We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction . The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! !! ,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! " " channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a! ,W or Z. The possibility of using
h ! J/#! to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! $!
mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! %!,&! modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0! , D⇤0! , B⇤0! , B⇤0
s !

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.

Theoretical framework . We Þrst consider the con-
straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massmh ' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e! = �
!

q= u,d,s

ø' q
mb

v

høqL qR �
!

q 6= q!

ø' qq!
mb

v

høqL q
0

R + h.c.

+ ' Z m
2
Z
h

v

ZµZ
µ + 2 ' W m

2
W

h

v

WµW
µ

+ ' ! A!
(
)
h

v

F

µ "
Fµ " , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' ⇤

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! ⇡
�0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/mb ' 0.020, ø' d = md/mb ' 1.0 á10�3,
ø' u = mu/mb ' 4.7 á10�4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! vanish in
the SM. Any deviations from these relations would signal

ar
X

iv
:s

ub
m

it/
09

95
20

3 
 [h

ep
-p

h]
  6

 J
un

 2
01

4

An Exclusive Window onto Higgs Yukawa Couplings

Alexander L. Kagan,1, ! Gilad Perez,2, 3, † Frank Petriello, 4, 5, ‡

Yotam Soreq,3, § Stoyan Stoynev,5, ¶ and Jure Zupan1, !!

1Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221,USA
2CERN Theory Division, CH-1211, Geneva 23, Switzerland

3Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot 7610001, Israel
4High Energy Physics Division, Argonne National Laboratory, Argonne, IL 60439, USA

5Department of Physics & Astronomy, Northwestern University, Evanston, IL 60208, USA
(Dated: June 6, 2014)

We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either ! ,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
W W and ZZ , the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
and V denotes either a�, W or Z . The possibility of using
h ! J/  � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K ! 0

�, D ! 0
�, B ! 0

�, B ! 0
s

�

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ
decays, e.g. h ! B (! )+W " . Probes of the electroweak
couplings of the Higgs viah ! MZ, MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e+e" facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e↵ = �
X

q=u,d,s

ø
q

m
b

v
høq

L

q
R

�
X

q#=q

0

ø
qq

0
m

b

v
høq

L

q$
R

+ h.c.

+ 

Z

m2
Z

h
v

Z
µ

Zµ + 2
W

m2
W

h
v

W
µ

Wµ

+ 

�

A
�

↵

⇡

h
v

F µ⌫F
µ⌫

, (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
ø
qq

0 = ø!
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order byA

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ø

s

= m
s

/m
b

' 0.020, ø
d

= m
d

/m
b

' 1.0 á10" 3,
ø
u

= m
u

/m
b

' 4.7 á10" 4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø

qq

0 vanish in
the SM. Any deviations from these relations would signal
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Exclusive path towards Higgs-light quark couplings

where generically: 

♦ Use the eff. Lagrangian: 

Notice that: 
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV indicates either ! , W or Z . We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction . The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! !! ,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! " " channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a! ,W or Z. The possibility of using
h ! J/#! to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! $!
mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! %!,&! modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0! , D⇤0! , B⇤0! , B⇤0
s !

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.

Theoretical framework . We Þrst consider the con-
straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massmh ' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e! = �
!

q= u,d,s

ø' q
mb

v

høqL qR �
!

q 6= q!

ø' qq!
mb

v

høqL q
0

R + h.c.

+ ' Z m
2
Z
h

v

ZµZ
µ + 2 ' W m

2
W

h

v

WµW
µ

+ ' ! A!
(
)
h

v

F

µ "
Fµ " , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' ⇤

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! ⇡
�0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/mb ' 0.020, ø' d = md/mb ' 1.0 á10�3,
ø' u = mu/mb ' 4.7 á10�4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! vanish in
the SM. Any deviations from these relations would signal
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either ! ,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
W W and ZZ , the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
and V denotes either a�, W or Z . The possibility of using
h ! J/  � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K ! 0

�, D ! 0
�, B ! 0

�, B ! 0
s

�

modes probe the o! -diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ
decays, e.g. h ! B (! )+W " . Probes of the electroweak
couplings of the Higgs viah ! MZ, MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e+e" facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e! ective La-
grangian used in our analysis is

L e↵ = �
X

q=u,d,s

ø
q

m
b

v
høq

L

q
R

�
X

q#=q

0

ø
qq

0
m

b

v
høq

L

q$
R

+ h.c.

+ 

Z

m2
Z

h
v

Z
µ

Zµ + 2
W

m2
W

h
v

W
µ

Wµ

+ 

�

A
�

↵

⇡

h
v

F µ⌫F
µ⌫

, (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
ø
qq

0 = ø!
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order byA

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ø

s

= m
s

/m
b

' 0.020, ø
d

= m
d

/m
b

' 1.0 á10" 3,
ø
u

= m
u

/m
b

' 4.7 á10" 4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø

qq

0 vanish in
the SM. Any deviations from these relations would signal
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!̄ q = yq/y SM
b ,

varying only one at the time (95%CL)!

varying all couplings (95%CL)!

Harnik, Kopp & Zupan; Blankenburg, Ellis, Isidori, (12)FCNC non-robust bound: (                                                                                                     )
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same for the flavor violating case

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)



The main idea

Yotam Soreq - ÒAn Exclusive Window onto Higgs Yukawa Couplings Ó Higgs Hunting 2014

exclusive decays
h ! MV

vector meson ! W Z
work in progress

ys

yd , yu

h ! J/ � yc

h !
��
⇢�
!�

Bodwin, Petriello, 
Stoynev, Velasco!

1306.5770

Small branching ratio, BUT reduced QCD background!Adding off-diagonal: h → B̄0∗γ, h → B̄0∗γ, h → K0∗γ,h → D0∗γ
48

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)



Ex.: h → φγ

♦ Two paths to get h → φγ:

2

̄

d

= m

d

/m

b

' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the

h
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

! /m
2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is

M

!
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=
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e

2
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✓
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2
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◆
,

(6)
where the first and second terms are the direct and in-
direct contributions; f !

?

and h1/uūi!
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "" and "! are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f! m! ✏
µ

! for the � decay constant f! ,

where Jµ

EM =
P

f

Q

f

f̄�

µ

f is the electromagnetic current.

Note that for CP violating couplings, M !
ss

is sensitive to
the phase between A" and ̄" .
The LCDA convolution integral is

h1/uūi!
?

=

Z 1

0
du

�

!
?

(u)

u(1� u)
. (7)
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a�,W or Z. The possibility of using
h ! J/ � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massm

h

' 125.7 GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:

Le↵ = �
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W

h

v

W

+
µ

W

�µ

, (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
ø
qq

0 = ø⇤
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! �� amplitude
can be written as

M

h!��

= h��|
�
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�

↵

⇡

h

v

F

µ⌫

F

µ⌫

|hi . (2)

The SM loop function for the h�� coupling is given at
one-loop order byA

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 

�

= 

V

= 1, and ø
s

= m

s

/m

b

' 0.020,

φ
φ

direct                                        indirect     
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:

h�(p,"
?

)|s̄(x)�
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� if
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Z 1
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iup·x("
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(8)

The partial decay width for h ! �� decay is

�
h!��

=
1

8⇡

1

m

h

|M�

ss

|2, (9)

where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by

�
h!⇢�

=
|M⇢

dd

�M

⇢

uu

|2
16⇡m

h

, �
h!!�

=
|M!

dd
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uu

|2
16⇡m

h

,

(10)
where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/uūi�

?

= 6.84(42), h1/uūi⇢
?

= 6.84(36),
h1/uūi!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f

⇢

= 0.216(6)GeV, f

!

= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f

�

?

= 0.191(28)GeV, f⇢

?

=
0.160(25)GeV, f!

?

= 0.139(27)GeV. Normalizing to the
h ! bb̄ branching ratio gives
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(11)

where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s .

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

♦ Let us understand them one by one. 
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Ex.: h → φγ, indirect contribution

♦ Two paths to get h → φγ:

2

̄

d

= m

d

/m

b

' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

! /m
2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f !

?

and h1/uūi!
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "" and "! are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f! m! ✏
µ

! for the � decay constant f! ,
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f is the electromagnetic current.

Note that for CP violating couplings, M !
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is sensitive to
the phase between A" and ̄" .
The LCDA convolution integral is
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a�,W or Z. The possibility of using
h ! J/ � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massm

h

' 125.7 GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 
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, while
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and 

V,�,q

are real because of the assumed
CP conservation. Note that ø
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The SM loop function for the h�� coupling is given at
one-loop order byA
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⇡ �0.81 [12], where the contribu-
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due to the chiral suppression. The SM limit corre-
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using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive
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2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds
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s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds
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| < 1.3 , |̄
d

| < 1.4 , |̄
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| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q" 2 u, d, s, c, b and q 6= q

". The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.
Inclusive Higgs rate measurements cannot distinguish

between the individual ̄
qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8á10! 2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �# ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2
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2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄
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). Working in the limit of real ̄
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, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

$ and h1/uūi�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q
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e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
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The LCDA convolution integral is
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0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.
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inclusive production rate at the LHC was used to put an
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.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵
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based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄
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by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive
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2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds
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| < 0.98 , |̄
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| < 0.93 , |̄
s
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If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds
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| < 1.3 , |̄
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| < 1.4 , |̄
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| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:
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0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄
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0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2
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2
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). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄
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). Working in the limit of real ̄
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, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f
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for the � decay constant f
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where Jµ
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f is the electromagnetic current.

Note that for CP violating couplings, M�
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by
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where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/uūi�

?

= 6.84(42), h1/uūi⇢
?

= 6.84(36),
h1/uūi!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f

⇢

= 0.216(6)GeV, f

!

= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f

�

?

= 0.191(28)GeV, f⇢

?

=
0.160(25)GeV, f!

?

= 0.139(27)GeV. Normalizing to the
h ! bb̄ branching ratio gives
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where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

   (                            )

from experiment, φ→e+e-
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the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [20].

We begin with the flavor-conserving couplings. A naive
�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
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| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.70 . (2)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (3)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (4)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|̄

bs

| < 8·10�2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the h�� coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �⇤ ! �. The direct amplitude involves
a hard h ! ss̄� vertex, where an intermediate s-quark
line with an o↵-shellness Q2 ⇠ O(m2

h

) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(̄
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). Working in the limit of real
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, the h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Q

s

e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f

�

m

�

✏

µ

�

for the � decay constant f
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f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A
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.
The LCDA convolution integral is
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The leading twist chiral-odd LCDA �
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(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding

Ex.: h → φγ, direct contribution

♦ Two paths to get h → φγ:
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' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄
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by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
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| < 0.98 , |̄
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| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
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| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

! /m
2
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). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
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) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄
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). Working in the limit of real ̄
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where the first and second terms are the direct and in-
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes,h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20�30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6Ð8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decaysh ! MV , where M denotes a vector meson
andV denotes either a�,W or Z. The possibility of using
h ! J/ � to probe the ßavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, theh ! ��

mode considered here allows direct access to the ßavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment onh ! MW, MZ

decays, e.g.h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs viah ! MZ,MW decays have
been discussed in [11].

These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We Þrst consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
massm

h

' 125.7 GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
ø
qq

0 = ø⇤
q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ø

q

and ø
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø

qq

0 couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! �� amplitude
can be written as
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h!��

= h��|
�

A

�

↵

⇡

h

v

F

µ⌫

F

µ⌫

|hi . (2)

The SM loop function for the h�� coupling is given at
one-loop order byA

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 

�

= 

V

= 1, and ø
s

= m

s

/m
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' 0.020,
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' 1.0á10! 3, ̄
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= m
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' 4.7á10! 4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q" 2 u, d, s, c, b and q 6= q

". The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8á10! 2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �# ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

$ and h1/uūi�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f
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m

�

✏

µ

�

for the � decay constant f
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,

where Jµ
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µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄

�

.
The LCDA convolution integral is

h1/uūi�$ =

$ 1

0
du

�

�

$ (u)

u(1� u)
. (7)
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the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [20].

We begin with the flavor-conserving couplings. A naive
�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.70 . (2)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (3)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (4)

for q, q! 2 u, d, s, c, b and q 6= q

! . The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|̄

bs

| < 8·10" 2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the h�� coupling, followed by the

h

�

s

s̄

h

s

s̄

�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �# ! �. The direct amplitude involves
a hard h ! ss̄� vertex, where an intermediate s-quark
line with an o↵-shellness Q2 ⇠ O(m2

h

) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(̄
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). Working in the limit of real
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, the h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

$ and h1/uūi�$ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Q
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e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
� and � polarization vectors. We have used the defini-
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The LCDA convolution integral is

h1/uūi�$ =
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The leading twist chiral-odd LCDA �$ (u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�$ · ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ø
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.
The current ATLAS [ 14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in↵
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based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [ 20].

We begin with the ßavor-conserving couplings. A naive
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We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modiÞcation of the other Higgs couplings as above) are:
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! . The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ø
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0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
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| < 8·10" 2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the ßavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig.1. The indirect contribu-
tion proceeds through theh�� coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �# ! �. The direct amplitude involves
a hard h ! søs� vertex, where an intermediate s-quark
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where the Þrst and second terms are the direct and in-
direct contributions; f
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for the � decay constantf
�

,
whereJµ

EM =
P

f

Q

f

ø
f�

µ

f is the electromagnetic current.
Note that for CP violating couplings, M

�

ss

is sensitive to
the phase betweenA

�

and ø
�

.
The LCDA convolution integral is

h1/uøui�$ =
Z 1

0
du

�

�

$ (u)
u(1 � u)

. (6)

The leading twist chiral-odd LCDA �$ (u) is deÞned
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:
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The partial decay width for h ! �� decay is
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where we used the fact that|✏�$ · ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:
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The partial decay width for h ! !$ decay is
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m
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|M �
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where we used the fact that|&�! ·&� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! '$ and h ! ($ are similarly given by
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where the amplitudes are obtained fromM �

ss

via the re-
placements s ! u, d and ! ! ' , ( . For simplicity we
have neglected( � ! mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the! ! are truncated at second or-
der, yielding h1/u øui�! = 6 .84(42), h1/u øui⇢! = 6 .84(36),
h1/u øui!! = 6 .84(72), using the inputs from [27] and Þxing
µ = 1 GeV. The decay constants aref

�

= 0 .235(5) GeV,
f
⇢

= 0 .216(6) GeV, f
!

= 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf �,⇢,!

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f �

! = 0 .191(28) GeV, f ⇢

! =
0.160(25) GeV, f !

! = 0 .139(27) GeV. Normalizing to the
h ! bøb branching ratio gives
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where we have neglected the smaller ø) 2
s,d,u

terms. The
SM BR

h" bb̄

= 0 .57 is kept explicit in the denominators.
The numerators thus give the h ! (! , ' , ( )$ branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ø)
s,d,u

have a relative error
of O(20%). This means that for ø)

i

⇠ O(1), deviations
from the SM predictions for h ! (! , ' , ( )$ can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic! , ' and (
decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and øs.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg! gøqq$ transition results in a higher Fock state
contribution to h ! !$ which only enters at the level of
a few⇥10# 4 of the SM BR

h" ��

.
The expected deviation in theh ! !$ branching ratio

from its SM value is shown in Fig. 2, as a function of
)
�

and ø)
s

. We note that the direct amplitude by itself
contributes at the O(10# 11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V$, where V = B $0
s

, B $0
d

, K $0, D $0 pro-
vide interesting possibilities to probe the ßavor-violating
Higgs couplings ø)

bs,sb

, ø)
bd,db

, ø)
sd,ds

and ø)
cu,uc

. These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h ! K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø)
ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.

The essential di↵erence with respect to the light
mesons is that the B $0

(s) and D $0 LCDA are heavily
weighted toward the b and c quarks (we treat the c quark
as heavy,m

c

� ⇤QCD). Focusing Þrst on theh ! øB $0
s

$
decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/m

b

) suppressed and can be
neglected. We thus obtain the partial decay width

�
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield *

B

(µ) = (460 ± 110) MeV
for µ = 1 GeV [28] (see also [29]). Note that *

B

can
be determined from B ! +,$. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

from experiment, φ→e+e-
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The leading twist chiral-odd LCDA !
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(u) is defined
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p,"
?

)|s̄(x)#
µ⌫

s(0)|0" =

# if �

?

! 1

0
dueiup·x("

?µ

p
⌫

# "
?⌫

p
µ

)! �

?

(u).
(8)

The partial decay width for h $ !$ decay is

�
h!��

=
1

8%
1

m
h

|M �

ss

|2, (9)

where we used the fact that |&�
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sible photon polarizations, so that the two corresponding
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where the amplitudes are obtained from M �

ss

via the re-
placements s $ u, d and ! $ ' , ( . For simplicity we
have neglected ( # ! mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the !
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are truncated at second or-
der, yielding !1/u ū"�
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= 6.84(42), !1/u ū"⇢
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= 6.84(36),
!1/u ū"!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�

= 0.235(5)GeV,
f
⇢

= 0.216(6)GeV, f
!

= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f �,⇢,!

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f �

?

= 0.191(28)GeV, f ⇢
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=
0.160(25)GeV, f !
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= 0.139(27)GeV. Normalizing to the
h $ b̄b branching ratio gives
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where we have neglected the smaller )̄ 2
s,d,u

terms. The
SM BR

h!b

ø
b

= 0.57 is kept explicit in the denominators.
The numerators thus give the h $ (! , ' , ( )$ branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying )̄
s,d,u

have a relative error
of O(20%). This means that for )̄

i

% O(1), deviations
from the SM predictions for h $ (! , ' , ( )$ can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic ! , ' and (
decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative

0.2
0.4
0.6

0.8
1.0 1.2

1.4 1.6

0.7 0.8 0.9 1.0 1.1 1.2 1.3
! 1.5

! 1.0

! 0.5

0.0

0.5

1.0

1.5

" #

" s

BRh$ %#êBRh$ %#
SM

Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and øs.

QCD e↵ects, e.g. power corrections. For instance, the
h $ gg $ gq̄q$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10�4 of the SM BR

h!��

.
The expected deviation in the h $ !$ branching ratio

from its SM value is shown in Fig. 2, as a function of
)
�

and )̄
s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.

Flavor-violating photonic decays . The radiative
decays h $ V$, where V = B ⇤0

s

, B ⇤0
d

, K ⇤0, D ⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings )̄

bs,sb

, )̄
bd,db

, )̄
sd,ds

and )̄
cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h $ K ⇤0$ rate is readily obtained from the results of the
previous section, yielding an O(10�8) branching ratio for
)̄
ds

% O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B ⇤0
(s) and D ⇤0 LCDA are heavily

weighted toward the band c quarks (we treat the c quark
as heavy, m

c

' ⇤QCD ). Focusing first on the h $ B̄ ⇤0
s

$
decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate bquark line is O(⇤QCD /m

b

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield *

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that *

B

can
be determined from B $ +,$. Present limits, includ-
ing NLO radiative corrections, yield a result compatible
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏"
?

á✏# | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by
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where the amplitudes are obtained from M "

ss via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �
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are truncated at second or-
der, yielding h1/u ūi"

?

= 6.84(42), h1/u ūi$
?

= 6.84(36),
h1/u ūi%

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f " = 0.235(5)GeV,
f $ = 0.216(6)GeV, f % = 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f " ,$,%

?

in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

?

= 0.191(28)GeV, f $
?

=
0.160(25)GeV, f %

?

= 0.139(27)GeV. Normalizing to the
h ! b̄b branching ratio gives
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where we have neglected the smaller ̄

2
s,d,u terms. The

SM BRh!b̄b = 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄s,d,u have a relative error
of O(20%). This means that for ̄i ⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BRh!"# .
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of
# and ̄s. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V�, where V = B ⇤0
s , B ⇤0

d , K ⇤0, D ⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄bs,sb, ̄bd,db, ̄sd,ds and ̄cu,uc . These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K ⇤0

� rate is readily obtained from the results of the
previous section, yielding an O(10�8) branching ratio for
̄ds ⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B ⇤0
(s) and D ⇤0 LCDA are heavily

weighted toward the band c quarks (we treat the c quark
as heavy, mc � ⇤QCD). Focusing first on the h ! B̄ ⇤0

s �

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate bquark line is O(⇤QCD/m b) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �B (µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �B can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

Similar holds
for 1st generation:

♦ The resulting sensitivity:

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)52

3

The partial decay width for h ! �� is
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ss |2, (9)

where |✏�
?

· ✏� | = 1 for the two possible photon polariza-
tions, so that the two corresponding decay amplitudes are
equal in size. The decay widths forh ! ⇢� and h ! !�
are similarly given by
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where the amplitudes are obtained fromM�

ss via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected! � � mixing.

In our numerical estimates the Gegenbauer polyno-
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= 6 .84(36),
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= 6 .84(72), using the inputs from [28] and Þxing
µ = 1 GeV. The decay constants aref
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= 0 .216(6) GeV, f
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= 0 .187(10) GeV [28]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf�,⇢,!
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in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [28] to obtain f�
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= 0 .191(28) GeV, f⇢
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=
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(11)

where we have neglected the smaller ø2
s,d,u terms. When

calculating the theoretical error on the indirect ampli-
tude, we have added in quadrature an additional uncer-
tainty associated with the scale choice of the electromag-
netic coupling that appears. The SM BRh!b̄b = 0 .57 is
kept explicit in the denominators. The numerators thus
give the h ! (�, ⇢,!)� branching ratios if the Higgs has
the SM total decay width. The expected deviation from
the SM h ! �� branching ratio is shown in Fig. 2, as a
function of 

�

and øs.
The coe" cients multiplying øs,d,u in (11) have a rel-

ative error of O(20%). This means that for øi ⇠ O(1),
deviations from the SM predictions for h ! (�, ⇢,!)�
can be signiÞcantly larger than the SM errors. The lat-
ter can be systematically reduced through advances in
lattice QCD and measurements of the leptonic�, ⇢ and
! decays. The BR predictions are relatively insensitive to
other non-perturbative QCD e#ects, e.g. power correc-
tions. For instance, h ! gg ! gøqq� yields a higher Fock
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

state contribution to h ! �� of O(few)⇥10�4 of the SM
BR. Finally, the electroweak amplitude due to a W or Z
and a c- or s-quark in the loop (the Higgs attaches to the
gauge boson) scales asO(↵W /4⇡)⇥O(m

�

/mh ), yielding
O(10�2) of the SM h ! �� branching ratio.

Flavor-violating photonic decays . The radiative
decays h ! V �, where V = B⇤0

s , B⇤0
d , K⇤0, D⇤0 pro-

vide interesting possibilities to probe the ßavor-violating
Higgs couplings øbs,sb, øbd,db, øsd,ds and øcu,uc . They
only receive direct amplitude contributions, since photon
splitting preserves ßavor. Theh ! K⇤0� rate is readily
obtained from the results of the previous section, yield-
ing an O(10�8) branching ratio for øds ⇠ O(1), out of
reach of planned colliders. We thus focus on the decays
to heavy mesons.

The essential di#erence with respect to the light
mesons is that the B⇤0

(s) and D⇤0 LCDA are heavily
weighted toward the b and c quarks (we treat the c quark
as heavy,mc � $QCD). For h ! øB⇤0

s �, the dominant
leading power contribution, in a generalR

⇠

gauge, due
to photon emission from the intermediates-quark, is

! h!B̄ ⇤0
s �

=
1

8⇡
1
mh

✓
fB smB s

2
mb

v

Qse0
�B (µ)

◆2 |øbs|2 + |øsb|2
2

.

(12)
HQET sum rule estimates of the inverse moment of the
B meson LCDA yield �B (µ) = (460 ± 110) MeV for
µ = 1 GeV [29] (see also [30]). Note that �B can be de-
termined from B ! `⌫�. Present limits, including NLO
radiative corrections, yield a result compatible with the
above estimate [31, 32]. We have assumed ßavor SU(3)
symmetry so that �B is the same forB0

s and B0
d . Nu-

merically one has,

BRh!B̄ ⇤0
s �

BRh!b̄b
=

BR(1)
B̄ ⇤0

s �

0.57ø2
b

|øbs|2 + |øsb|2
2

, (13)

where BR(1)
B̄ ⇤0

s �

= (2 .1± 1.0) · 10�7. The h ! øB⇤0� and

h ! D⇤0� branching ratios are obtained by replacing
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are neglected. µex
f,i and σf,i denote the experimental

central values and their corresponding standard devia-
tions, respectively. Asymmetric experimental errors are
symmetrized for simplicity. We consider the most up-
dated set of Higgs measurements in h → WW ∗, ZZ∗

and γγ channels from ATLAS [18], CMS [19] and Teva-
tron [20] collaborations, as well as the h → ττ results
from CMS [21] and Tevatron [20]. We also include the
recent h → bb̄ search in vector-boson associated produc-
tion [22] and in vector-boson fusion at CMS [23], as well
as the h → Zγ search at CMS [24]. We do not use the
recent h → bb̄ and h → ττ preliminary ATLAS results.
However, we checked that the latter does not significantly
change our results given the current experimental sen-
sitivity in these channels. µth

f,i are the theoretical sig-
nal strength predictions, which incorporate the relative
weights of each Higgs production mechanisms as quoted
by the experimental collaborations, whenever available.
This is the case for all channels that we use except for
V h(bb̄) at CMS for which we assume pure vector-boson
associated production. Theoretical predictions for Higgs
signal strengths in terms of the effective coefficients in
Eq. (1) can be found in Ref. [3], while we use the SM
Higgs production cross sections and branching ratios of
Ref. [25]. We however add the following two modifica-
tions in order to implement a hcc̄ coupling significantly
different than its SM value. First of all, we include the
charm loop contribution in the gluon fusion cross section

as σgg→h/σSM
gg→h ≃ |ĉgg|2 /

!
!ĉSMgg

!
!2 with

ĉgg = cgg +
"
1.3× 10−2ct − (4.0− 4.3i)× 10−4cb

− (4.4− 3.0i)× 10−5cc
#
, (7)

where numbers are obtained using the running quark
masses extracted from Ref. [5]. ĉSMgg ≃ 0.012 is obtained
by taking the SM limit, cgg → 0 and ct,b,c → 1, in
Eq. (7). Then, we include the charm fusion cross section
as σcc̄→h ≃ 3.0 × 10−3 |cc|2 σSM

gg→h, where the charm
fusion to gluon fusion cross section ratio is evaluated at
next-to-leading order in the QCD coupling and we use
MSTW parton distribution functions [26]. We trans-
posed the NLO bottom fusion cross section obtained in
Ref. [27] in order to estimate σSM

cc̄→h.

We mainly focus on two different scenarios, where

(a) all Higgs couplings but the charm one are SM-like.

(b) all the Higgs couplings but the charm one and cgg are
SM-like.

The general case, where all independent parameters are
allowed to deviate from the SM is discussed in Ap-
pendix A. However, the results are found to be very close
to those from case (b) above. Thus, unless explicitly
mentioned otherwise, case (b) can be taken as a proxy
for the general case. In both cases (a) and (b), χ2 only
depends on the Higgs to charm coupling through |cc|2, up
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FIG. 1: δχ2 = χ2
− χ2

min as a function of the Higgs to charm
pairs coupling cc. The black and red curves correspond re-
spectively to case (a), where all Higgs coupling but cc are
SM-like, and case (b), where only cc and cgg deviate from
the SM and marginalizing over the latter. Horizontal dashed
lines denotes the 68.3% and 95.4% CL (δχ2 = 1 and 4, re-
spectively).
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FIG. 2: 68.3% (solid) and 95.4% (dashed) CL regions in the
cc − cgg plane in case (b) where only the Higgs to charm and
Higgs to gluon couplings are allowed to deviate from their
SM values. The red dot represents the best Þt point. öcSMgg ≃

0.012 .

to a small interference effect with top and bottom loops
in gluon fusion production. Hence, there is almost no
sensitivity to the sign of cc. For simplicity we consider
positive cc in the following. χ2 minimization yields

cc ≤ 3.7 (7.3) , at 95.4% CL , (8)

for case (a) (case (b)) as defined above. The bound
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MSTW parton distribution functions [26]. We trans-
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The general case, where all independent parameters are
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pendix A. However, the results are found to be very close
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to a small interference effect with top and bottom loops
in gluon fusion production. Hence, there is almost no
sensitivity to the sign of cc. For simplicity we consider
positive cc in the following. χ2 minimization yields

cc % 3.7 (7.3) , at 95.4% CL , (8)

for case (a) (case (b)) as deÞned above. The bound

Delaunay, Golling, GP & Soreq (13)
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FIG. 1: 300 fb�1 and 3000 fb�1 projections for the signal strengths of h ! bøb and h ! cøc based onb- and c-tagging applying
the conservative prescription and employing c-tagging I (left panel) and c-tagging II (right panel).

linearly dependent. Thus, as long as the measured values of µc and µb are consistent with this hypothesis, there will
be a flat direction in the c � b plane. In other words, if experimental result shows consistency with

µcBRSM

cc̄ + µbBRSM

b¯b = 1 , (5)

then one can not constrain c and b assuming only SM Higgs production. We illustrate this with the blue line of
Fig. 1. If the line overlaps with the allowed regions of µc � µb (the coloured ellipses), it means that there is a flat
direction in the c � b consider only SM production.

Large charm Yukawa enhances the Higgs production in the vector association channel, where for c ⇠O(100) it is
twice than the SM prediction [8]. This mechanism allows us to put a direct constrain on c already with the 8 TeV
data. By inspecting Fig. 1 we can see that considering non SM production is essential to constrain c with 300fb�1,
while for the high-luminosity stage its e↵ect is minor. In Fig. 2 we plot the projections for the allowed region in
the c � b plane taking into account non SM V h production. The details of non SM V h production are given in
Appendix ??.

2.2. Exclusive Higgs decays

In this section, we naively estimate the LHC sensitivity to Higgs exclusive decays, h ! M� with M = J/ ,�, ⇢
and ! . For the J/ mode we extrapolate the current ATLAS upper bound from [9], while for the other modes we
assume signal dominant case and follow [10].

Let us starting we the rescaling of the current upper bound on h ! J/ � [9], which is

�hBRJ/! " < 33 fb . (6)

The current search is background dominated and we consider the same for the future measurements. Moreover, we
assume that the ratio between the number of background and signal events is similar between the 8TeV and future
searches and define

RSB,E ⌘ S
8

/ B
8

SE/BE
, (7)

(8)

where S
8

(B
8

) is the number of signal (background) event for 8 TeV and the same holds for E = 14, 100 TeV center
of mass energies. In colliders with larger center of mass energy the signal cross section will have larger enhancement

GP, Soreq, Stamou & Tobioka to appear

2

! b ! c ! l

Medium 70% 20% 1.25%
C-tagging I 13% 19% 0.5%
C-tagging II 20% 30% 0.5%

TABLE I: The tagging e �ciency for the three working points used in our analysis.

measurement of µb at the LHC 14TeV with 300 fb! 1 and 3000 fb! 1 [5]. To do so, we adopt the following replacement
for the h ! bb̄ signal strength [manos: our signal strength is a bit di ! erent, IÕll correct, but want to keep it compact]

µb "
! hBRbøb

! SM
h BRSM

bøb

!
! hBRbøb"b1"b2 + ! hBRcøc"c1"c2

! SM
h BRSM

bøb "b1"b2 + ! SM
h BRSM

cøc "c1"c2

=

!

µb +
BRSM

cøc

BRSM
bøb

"c1"c2

"b1"b2
µc

" # !

1 +
BRSM

cøc

BRSM
bøb

"c1"c2

"b1"b2

"

, (1)

where "b1,b2 and "c1,c2 are the e! ciencies to tag jets originating from bottom and charm, respectively. The subscript
1 and 2 refers to the e! ciency of tagging the first and the second jet, respectively and BRSM

cøc /BRSM
bøb # 5% [6].

We utilize the results from Tables 6–9 of Ref. [5] in the following way. We rescale the signal and the background
from the given medium b-tagging working point to a c-tagging working point. We present results using two di" erent
c-tagging points (I and II). We list the tagging e! ciencies of the working points used in our analysis in Tab. I [5, 7].
We follow two prescriptions to rescale the number of signal and background events from the medium working point:

Aggressive scenario there is no overlap between the events that are tagged by the b-tagger and the ones that are
tagged by the c-tagger. Therefore, the samples are totally uncorrelated.

Conservative scenario there is full overlap between the two samples. Therefore we subtract the number of c-tagged
events from the b-tagged sample.

The above scenarios are the two extreme cases. We note that a dedicate experimental study is needed to explore the
full correlation between the c and the b samples.

Given two flavor taggers, med and c-tag, events with two jets, of flavours X and Y , fall into one of three categories:
(i) both jets are tagged by med; (ii) one jet is tagged by med and the second by c-tag; (iii) both jets are tagged by
c-tag. The number of events in category (i) for each signal and background component, N(i) , is given by Ref. [5]. We
extract the numbers of events in each category by the following rescalings.

Aggressive scenario:

Na
(i) = N(i) , Na

(ii) =
"X med"Yc-tag + "X c-tag"Ymed

"X med"Ymed

N(i) , Na
(iii) =

"X c-tag"Yc-tag

"X med"Ymed

N(i) (2)

Conservative scenario:

N c
(i) = N(i) $ N c

(ii) $ N c
(iii) , N c

(ii) = Na
(ii) $ N c

(iii) , N c
(iii) = Na

(iii) (3)

in which case N c
(i) + N c

(ii) + N c
(iii) = N(i) .

We follow the statical procedure described in Ref. [8] and construct a likelihood function of µc and µb. The
projections for constraining the signal strengths of h ! bb̄ and h ! cc̄ based on b- and c-tagging are given in Fig. 1,
for the conservative prescription. [manos: explain that they are very similar because S/B doesnt change much after rescaling, iÕll do it.]

We obtain the projected uncertainty on µc with profiled µb for using the two di" erent c-tagging working points

# µc-tagging I
c =

$
16 (17) with 300fb! 1

6 (6) with 3000fb! 1 , # µc-tagging I
c =

$
9 (11) with 300fb! 1

3 (4) with 3000fb! 1 , (4)

at 68.3% CL for the conservative (aggressive) prescription. [manos: add the 95 CL numbers? Its getting long though] [manos:

change name conservative and aggressive, makes no sense]

The translation of the constrains on the charm and bottom signal strengths to the Yukawa themselves requires
some caution. Assuming SM Higgs production the signal strengths are µc = BRcøc/BRSM

cøc and µb = BRbøb/BRSM
bøb . In

the extreme case, where the Higgs decays only to charms and bottoms BRcøc + BRbøb = 1 holds and the two rates are
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FIG. 2: 300 fb! 1 and 3000 fb! 1 projections for probing ! b and ! c with h ! bb̄ and h ! cc̄ based on b- and c-tagging applying
the conservative prescription and employing c-tagging I (left panel) and c-tagging II (right panel).

than the QCD background one. Therefore, RSB,E = 1 is conservative, as the ratio between signal and background is
expected to be larger in the future colliders than in the LHC with
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s = 8TeV, resulting in RSB,E . 1 .
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where #h, 8(E ) and BRJ/  �,8(E ) are the upper bounds on Higgs production cross section and the branching ratio to
J/ !" for 8(E ) TeV respectively. #h, 8(E ) is the Higgs production cross section and L 8(E ) is the integrated luminosity
for

!
s = 8(E ) TeV, respectively. Next, we can divide Eq. (9) by the SM prediction for the signal

µS,E = µS,8

s
RSB,E

RP,E RL ,E
, (10)

where we define

µS,8(E ) %
#h, 8(E )BRJ/  �,8(E )⇥
#h, 8(E )BRJ/  �

⇤
SM

, RP,E %


#h,E

#h, 8

�2

SM

#h, 8

#h,E
, RL ,E %

L E

L 8
. (11)

By evaluating Eq. (10) with the inclusive cross sections from [6] we get
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where from Eq. (6) we extract µS,8 = 509 and use [#h, 8,14,100]SM = 22.3, 57.2, 897 pb with L 8 = 20 fb! 1. Assuming
SM production we can write
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FIG. 2: 300 fb! 1 and 3000 fb! 1 projections for probing ! b and ! c with h ! bøb and h ! cøc based onb- and c-tagging applying
the conservative prescription and employing c-tagging I (left panel) and c-tagging II (right panel).
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where from Eq. (6) we extract µS,8 = 509 and use [#h, 8,14,100]SM = 22.3, 57.2, 897 pb with L 8 = 20 fb ! 1. Assuming
SM production we can write
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FIG. 1: 300 fb! 1 and 3000 fb! 1 projections for the signal strengths of h ! bøb and h ! cøc based onb- and c-tagging applying
the conservative prescription and employing c-tagging I (left panel) and c-tagging II (right panel).

linearly dependent. Thus, as long as the measured values ofµc and µb are consistent with this hypothesis, there will
be a ßat direction in the ! c ! ! b plane. In other words, if experimental result shows consistency with

µcBRSM
cøc + µbBRSM

bøb = 1 , (5)

then one can not constrain! c and ! b assuming only SM Higgs production. We illustrate this with the blue line of
Fig. 1. If the line overlaps with the allowed regions ofµc ! µb (the coloured ellipses), it means that there is a ßat
direction in the ! c ! ! b consider only SM production.

Large charm Yukawa enhances the Higgs production in the vector association channel, where for! c " O(100) it is
twice than the SM prediction [8]. This mechanism allows us to put a direct constrain on! c already with the 8 TeV
data. By inspecting Fig. 1 we can see that considering non SM production is essential to constrain! c with 300fb! 1,
while for the high-luminosity stage its e! ect is minor. In Fig. 2 we plot the projections for the allowed region in
the ! c ! ! b plane taking into account non SM V h production. The details of non SM V h production are given in
Appendix ??.

2.2. Exclusive Higgs decays

In this section, we naively estimate the LHC sensitivity to Higgs exclusive decays,h # M " with M = J/ # , $, %
and & . For the J/ # mode we extrapolate the current ATLAS upper bound from [9], while for the other modes we
assume signal dominant case and follow [10].

Let us starting we the rescaling of the current upper bound onh # J/ #" [9], which is

' h BRJ/ ! " < 33 fb. (6)

The current search is background dominated and we consider the same for the future measurements. Moreover, we
assume that the ratio between the number of background and signal events is similar between the 8 TeV and future
searches and deÞne

RSB,E $
S8 / B 8

SE /B E
, (7)

(8)

where S8(B8) is the number of signal (background) event for 8 TeV and the same holds forE = 14, 100 TeV center
of mass energies. In colliders with larger center of mass energy the signal cross section will have larger enhancement

! c2
b = c2

c
µc

µb
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where 14TeV �8,14,100
S = (22.3 , 57.2 , 897)BRJ/ � pb assuming SM Higgs production [11]. Let
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Let us define the ratio of the productions between the di↵erent colliders assuming SM inclusive
production
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♦ Defines some ratios to rescale sensitivity from ATLAS result: (x subscript for future)              

h ! J/ � (cc)

4 Interpretation of h ! J/ �

Recently, ATLAS put the first bound on the Higgs exclusive decay to J/ � [12]

�(pp ! h)⇥ BRh!J !" < 33 fb , (19)

under the assumption of SM Higgs production this can be interpreted as bound of BR(h !
J/ �) < 1.5⇥ 10�3 .

The partial width of h ! J/ � at mh = 125GeV can be extrapolated from Eqs. (16)–(17)
of [13]

�h!J/ !" = 1.32 (" � 0.13c)
2 ⇥ 10�8 GeV . (20)

Ref. [14] includes relativistic corrections and gives the result for mh = 125.9± 0.4GeV

�h!J/ !" = |(11.9± 0.2)" � (1.04± 0.14)c|2 ⇥ 10�10 GeV

=1.42 (" � 0.087c)
2 ⇥ 10�8 GeV , (21)

see Eqs. (53) of [14]. The result for Note that we should evaluate this partial width at mh =
125.1± 0.3GeV using the formalism of [14].

The dependence on the production mechanism and the Higgs total width can be canceled
to good approximation in the ration between the bound (or measurement in the future) of the
pp ! h ! J/ � rate and one of the other Higgs rate measurements with inclusive production,
for example h ! ZZ⇤ ! 4` . We define
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where perfect cancellation of the production is assumed (correct for leading order) and BRSM
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1.26⇥10�4 . By using Eq. (19) and the ZZ⇤ signal strength µZZ ⇤ = 1.44+0.40
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Combine the last with Eq. (22) leads to

�210V + 11" < c < 210V + 11" . (24)

5 Future Projection for h ! J/ � sensetivity

In this section we preform a naive extrapolation for the LHC sensitive of the h ! J/ �. Let
us define the ratio of the signal to background ratio between the current bound [12] with 8TeV
data and future measurement with 14 or 100TeV as
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Let us deÞne the ratio of the productions between the di! erent colliders assuming SM inclusive
production
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♦ Assuming SM production:              
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3

✏b ✏c ✏l

b-tagging 70% 20% 1.25%

c-tagging I 13% 19% 0.5%

c-tagging II 20% 30% 0.5%

TABLE I: The tagging e�ciency for the three jet-taggers used in our analysis. KT: I call medium b-tagging as b-tagging.

b-jet, c-jet, light jet). 1 Then, we obtain number of events for categories (i)–(iii) in both uncorrelated and correlated
scenarios as below.

Uncorrelated scenario:

N (i) = N, N (ii) =
✏
(b-tag)
x ✏

(c-tag)
y + ✏

(c-tag)
x ✏

(b-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N, N (iii) =
✏
(c-tag)
x ✏

(c-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N (2)

Conservative scenario:

N (i) = N � N (ii) � N (iii), N (ii) =
✏
(b-tag)
x ✏

(c-tag)
y + ✏

(c-tag)
x ✏

(b-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N � 2N (iii), N (iii) =
✏
(c-tag)
x ✏

(c-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N (3)

The rescale is done on a bin-by-bin bases. After rescaling di↵erent background di↵erently (N ! BX where X is a type

of background), we obtain total background for each category, B(i,ii,iii), by sum of all the backgrounds, B(i) =
Pall

X B
(i)
X

and same for (ii) and (iii). The expected signal is straightforward, N ! S.
We follow the statical procedure described in Ref. [6]. Given expectation of signal and background, we construct a

likelihood function of µc and µb based on Poisson probability distribution function. We use two di↵erent c-taggers,
currently used c-tagging I and optimistic c-tagging II, and list these tagging e�ciencies in Table I. Note that we can
only define uncorrelated scenario in the case of c-tagging II, see Appendix A for detail. The future reach of the signal
strengths of h ! bb̄ and h ! cc̄ is given in Fig. 2, for the uncorrelated scenario, while a figure for the correlated
scenario is given in Fig. 4 of Appendix A. We obtain expected uncertainty on µc with profiled µb for using the two
di↵erent c-taggers

�µc-tagging I
c =

(
15 (XX) with 2 ⇥ 300fb�1

5.6 (XX) with 2 ⇥ 3000fb�1 , �µc-tagging II
c =

(
10.3 with 2 ⇥ 300fb�1

3.7 with 2 ⇥ 3000fb�1 , (4)

at 68.3% CL for the uncorrelated (correlated) scenarios [verify that these are the updated numbers.]. Since the
sensitivities in the above two scenario for c-tagging I are similar, we conclude that these results represent the actual
future reach well.

The translation of the constrains on the charm and bottom signal strengths to the Yukawa themselves requires
some caution. Assuming SM Higgs production the signal strengths are µc = BRcc̄/BRSM

cc̄ and µb = BRbb̄/BRSM
bb̄ . In

the extreme case where the Higgs decays only to charms and bottoms, BRcc̄ + BRbb̄ = 1 holds and the two rates are
linearly dependent. As long as the measured values of µc and µb are consistent with this hypothesis, arbitrary large
c ⌘ yc/ySM

c is allowed with some b ⌘ yb/ySM
b , which corresponds to a flat direction in the c–b plane. In other

words, if experimental result shows consistency with

µcBRSM
cc̄ + µbBRSM

bb̄ > 1 , (5)

then one can not constrain c and b assuming only SM Higgs production. We illustrate this with shaded region at
Fig. 2. If this region overlaps with the allowed regions of µc–µb (the coloured ellipses), it means that there is a flat
direction in the c–b consider only SM production.

Large charm Yukawa enhances the Higgs production in the V h production channel, where for c ⇠ O(100) it is
twice as big as the SM prediction [6]. This mechanism allows us to put a direct constrain on c already with the

1 For instance, x = y = b for h ! b

ø
b signal and t

ø
t background; x = y = c for W + cøc background; ( x = b, y = l) for single top background.
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Abstract

We discuss the future prospect to probe light quarks Yukawa. In particular, we consider the
inclusive and exclusive ways...

PACS numbers:
Keywords:

1. INTRODUCTION

Since the Higgs discovery [1, 2] at the LHC a huge e↵ort has been done to explore it properties. Currently, after the
first run of the LHC, the Higgs measured signal strengths are compatible with the standard model (SM) predictions
within 20% [], while its mass is determined within an accuracy of 0.2% to be mh = 125.09 ± 0.24 GeV [4]. Thus, it is
well established that the Higgs play a major role in the EW symmetry breaking and in inducing the masses of the W
and the Z ....

Within the SM the Higgs plays another important role, the generation of the charged fermion masses. The current
search focus on the Higgs couplings to the third generation fermions, namely to t t̄h , b̄b and ! +! � [].

The second role of the Higgs in the SM is to generate
Summary the current situation about heavy quarks and the di↵erence for light quarks.
refer to the ATLAS paper with charm tagging is used in SUSY searches.
Write about the two approach for probing light quarks Yukawa: (i) inclusive rates, only charm; (ii) exclusive rare

decays, in principle u, d, s and c.
Explain that the charm is unique since: (i) it can be done both inclusive and exclusive; (ii) there is already direct

bound on its signal strength and on " c. Write that already with the current 8TeV data this bound can be improved
if one will use charm tagging.

For Run II we can estimate the sensitive to probe " c by rescaling the current bound on h ! J/ #$ and by using
the ATLAS study of h ! b̄b.

The situation in e+e� collider is very di↵erent due to the clean environment, but there cross section and the
expected luminosity are much smaller. Thus, the number of events is much smaller. Refer to relevant studies....

2. LHC RUN II

2.1. Inclusive Rate

We begin by estimating the future sensitivity of the LHC to probe the h ! cc̄ signal strength, µc, and the charm
Yukawa, " c " yc/y SM

c , via the inclusive rate. Our study is based on the dedicated ATLAS analysis for the future

! Electronic address: gilad.perez@weizmann.ac.il
  Electronic address: yotam.soreq@weizmann.ac.il
àElectronic address: emmanuel.stamou@weizmann.ac.il
¤Electronic address: kohsakut@tau.post.ac.il
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the Þrst upper bound on exclusive Higgs decays in theh ! J/ ! "
mode, #h BRJ/ ! " < 33 fb [10]. This Þrst result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in theJ/ ! " channel as well as in other modes such as$" .

The Higgs signal strength measurements at the LHC are sensitive only to#h BRÞnal , i.e. the production cross
section times the branching ratio to a speciÞc Þnal state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we deÞne

R M " ,Z "
#h BRM "

#h BRZZ ! ! 4#
#

! M "

! ZZ ! ! 4#
=

!
2.8 $ 10" 2

"
%" %8.7 $ 10" 2%c

#2
/ %2

V M = J/ !
2.4 $ 10" 2

"
%" %2.6 $ 10" 3%s

#2
/ %2

V M = $
, (7)

whereM = J/ ! , $ and a perfect cancellation of the production is assumed. The theoretical predication forh ! J/ ! "
and h ! $" are taken from [11] and [12], respectively, with BRSM

J/ ! " = 2 .9 $ 10" 6, BRSM
$" = 3 .0 $ 10" 6 [12] and

BRSM
ZZ ! ! 4# = 1 .25$ 10" 4 [7].

For a given upper bound on an exclusive mode, we can write

R M " ,Z <
µM

µZZ !

BRSM
M "

BRSM
ZZ ! ! 4#

, µM "
#h BRM, "

#SM
h BRSM

M, "

, (8)

where the error in the h ! ZZ # ! 4&rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb" 1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities

11%" %10%V

$
µJ/ ! /µ ZZ ! < %c < 11%" + 10%V

$
µJ/ ! /µ ZZ ! , (9)

380%" %380%V

$
µ$ /µ ZZ ! < %s < 380%" + 380%V

$
µ$ /µ ZZ ! . (10)

Note that in case of similar upper bounds on theJ/ ! " and the $" rates, the resulting bound on%s will be weaker
than the bound %c by a factor at O

"
(mcmJ/ ! )/ (msm$ )

#
.

Next, we naively estimate the future bound on the pp ! h ! J/ ! " given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider thatS8/

&
B8 ' SE /

&
BE , where S8,E is the

upper bound on the number of signal events andB8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as

µM,E = µM, 8

%
1

RP,E RL ,E RSB,E

&1/ 2

, (11)

where we deÞne

RSB,E "
SSM

E /B E

SSM
8 / B 8

, RP,E "
#SM

h,E

#SM
h, 8

, RL ,E "
L E

L 8
, (12)

SSM
8,E is the number of signal events in the SM,#SM

h, (8 ,E ) is the SM Higgs production cross section andL 8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

&
s = 8 TeV, resulting in RSB,E ! 1 . Note, that we implicitly assume that the signal and background e" ciencies

are similar in the di#erent runs. In case that they are di#erent it can be absorbed byRSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100 TeV, assumingµZZ ! = %" =
%V = 1 and SM Higgs production, we Þnd

11%(75, 42)
%

1
RSB, 14

2 $ (300, 3000) fb" 1

L 14

&1/ 4

< %c < 11 + (75 , 42)
%

1
RSB, 14

2 $ (300, 3000) fb" 1

L 14

&1/ 4

, (13)

11%(38, 21)
%

1
RSB, 14

2 $ (300, 3000) fb" 1

L 100

&1/ 4

< %c < 11 + (38 , 21)
%

1
RSB, 14

2 $ (300, 3000) fb" 1

L 100

&1/ 4

, (14)

♦ Useful to define ratio that is independent of the production:                 
GP, Soreq, Stamou & Tobioka (Feb/15)

Bodwin, Petriello, Stoynev & Velasco (13); Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)
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run with 300 fb�1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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µJ/ /µZZ⇤ , (9)

380� � 380V

q
µ�/µZZ⇤ <s < 380� + 380V

q
µ�/µZZ⇤ . (10)
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(mcmJ/ )/(msm�)
�
.
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L,E RSB,E

◆1/2
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RSB,E ⌘ SSM
E /BE

SSM
8 / B8
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h,E

�SM
h,8

, R
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, (12)

SSM
8,E is the number of signal events in the SM, �SM

h,(8 ,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies

are similar in the di↵erent runs. In case that they are di↵erent it can be absorbed by RSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100TeV, assuming µZZ⇤ = � =
V = 1 and SM Higgs production, we find
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reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in theJ/ ! " channel as well as in other modes such as$" .

The Higgs signal strength measurements at the LHC are sensitive only to#h BRÞnal , i.e. the production cross
section times the branching ratio to a speciÞc Þnal state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we deÞne
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whereM = J/ ! , $ and a perfect cancellation of the production is assumed. The theoretical predication forh ! J/ ! "
and h ! $" are taken from [11] and [12], respectively, with BRSM

J/  � = 2 .9 ⇥ 10" 6, BRSM
�� = 3 .0 ⇥ 10" 6 [12] and
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ZZ ⇤! 4` = 1 .25⇥ 10" 4 [7].
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where the error in the h ! ZZ # ! 4&rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb" 1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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Note that in case of similar upper bounds on theJ/ ! " and the $" rates, the resulting bound on%s will be weaker
than the bound %c by a factor at O

"
(mcmJ/  )/ (msm�)

#
.

Next, we naively estimate the future bound on the pp ! h ! J/ ! " given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider thatS8/

p
B8 ⇡ SE /

p
BE , where S8,E is the

upper bound on the number of signal events andB8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as

µM,E = µM, 8

%
1

RP,E RL ,E RSB,E

&1/ 2

, (11)

where we deÞne
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SSM
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h, (8 ,E ) is the SM Higgs production cross section andL 8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8 TeV, resulting in RSB,E ! 1 . Note, that we implicitly assume that the signal and background e" ciencies

are similar in the di#erent runs. In case that they are di#erent it can be absorbed byRSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100 TeV, assumingµZZ ⇤ = %� =
%V = 1 and SM Higgs production, we Þnd
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♦ For a given upper bound,       , on an exclusive mode, we can write: 
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the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in theJ/ ! " channel as well as in other modes such as$" .

The Higgs signal strength measurements at the LHC are sensitive only to#h BRÞnal , i.e. the production cross
section times the branching ratio to a speciÞc Þnal state. The dependence on both production and the total width
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h, (8 ,E ) is the SM Higgs production cross section andL 8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

&
s = 8 TeV, resulting in RSB,E ! 1 . Note, that we implicitly assume that the signal and background e" ciencies

are similar in the di#erent runs. In case that they are di#erent it can be absorbed byRSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs
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h, (8 ,E ) is the SM Higgs production cross section andL 8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the Þrst upper bound on exclusive Higgs decays in theh ! J/ �
mode, �hBRJ/ � < 33 fb [10]. This Þrst result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in theJ/ � channel as well as in other modes such as�� .

The Higgs signal strength measurements at the LHC are sensitive only to�hBRfinal, i.e. the production cross
section times the branching ratio to a speciÞc Þnal state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
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whereM = J/ ,� and a perfect cancellation of the production is assumed. The theoretical predication forh ! J/ �

and h ! �� are taken from [11] and [12], respectively, with BRSMJ/ � = 2 .9 ⇥ 10" 6, BRSM
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where the error in the h ! ZZ# ! 4` rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb" 1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as
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h,(8,E) is the SM Higgs production cross section andL8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
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s = 8 TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies
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♦ To project define the following ratios: 
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the first upper bound on exclusive Higgs decays in the h ! J/ �
mode, �hBRJ/ � < 33 fb [10]. This first result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in the J/ � channel as well as in other modes such as �� .

The Higgs signal strength measurements at the LHC are sensitive only to �hBRfinal, i.e. the production cross
section times the branching ratio to a specific final state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
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mode, #h BRJ/ ! " < 33 fb [10]. This Þrst result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in theJ/ ! " channel as well as in other modes such as$" .

The Higgs signal strength measurements at the LHC are sensitive only to#h BRÞnal , i.e. the production cross
section times the branching ratio to a speciÞc Þnal state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
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and h ! $" are taken from [11] and [12], respectively, with BRSM

J/ ! " = 2 .9 $ 10" 6, BRSM
$" = 3 .0 $ 10" 6 [12] and

BRSM
ZZ ! ! 4# = 1 .25$ 10" 4 [7].
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where the error in the h ! ZZ # ! 4&rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb" 1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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than the bound %c by a factor at O
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#
.

Next, we naively estimate the future bound on the pp ! h ! J/ ! " given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider thatS8/

&
B8 ' SE /

&
BE , where S8,E is the

upper bound on the number of signal events andB8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as
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SSM
8,E is the number of signal events in the SM,#SM

h, (8 ,E ) is the SM Higgs production cross section andL 8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

&
s = 8 TeV, resulting in RSB,E ! 1 . Note, that we implicitly assume that the signal and background e" ciencies

are similar in the di#erent runs. In case that they are di#erent it can be absorbed byRSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100 TeV, assumingµZZ ! = %" =
%V = 1 and SM Higgs production, we Þnd
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the Þrst upper bound on exclusive Higgs decays in theh ! J/ ! "
mode, #h BRJ/ ! " < 33 fb [10]. This Þrst result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in theJ/ ! " channel as well as in other modes such as$" .

The Higgs signal strength measurements at the LHC are sensitive only to#h BRÞnal , i.e. the production cross
section times the branching ratio to a speciÞc Þnal state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we deÞne
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whereM = J/ ! , $ and a perfect cancellation of the production is assumed. The theoretical predication forh ! J/ ! "
and h ! $" are taken from [11] and [12], respectively, with BRSM

J/ ! " = 2 .9 $ 10" 6, BRSM
$" = 3 .0 $ 10" 6 [12] and
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where the error in the h ! ZZ # ! 4&rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb" 1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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Next, we naively estimate the future bound on the pp ! h ! J/ ! " given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider thatS8/

&
B8 ' SE /
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BE , where S8,E is the

upper bound on the number of signal events andB8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as
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SSM
8,E is the number of signal events in the SM,#SM

h, (8 ,E ) is the SM Higgs production cross section andL 8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

&
s = 8 TeV, resulting in RSB,E ! 1 . Note, that we implicitly assume that the signal and background e" ciencies

are similar in the di#erent runs. In case that they are di#erent it can be absorbed byRSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100 TeV, assumingµZZ ! = %" =
%V = 1 and SM Higgs production, we Þnd
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the Þrst upper bound on exclusive Higgs decays in theh ! J/! "
mode, #h BRJ/ ! " < 33 fb [10]. This Þrst result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in theJ/! " channel as well as in other modes such as$" .

The Higgs signal strength measurements at the LHC are sensitive only to#h BRfinal, i.e. the production cross
section times the branching ratio to a speciÞc Þnal state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we deÞne

RM " ,Z ⌘ #h BRM "

#h BRZZ ! ! 4#
' ! M "

! ZZ ! ! 4#
=

(
2.8 ⇥ 10" 2

�
%" � 8.7 ⇥ 10" 2%c

�2
/%2

V M = J/!
2.4 ⇥ 10" 2

�
%" � 2.6 ⇥ 10" 3%s

�2
/%2

V M = $
, (7)

whereM = J/! , $ and a perfect cancellation of the production is assumed. The theoretical predication forh ! J/! "
and h ! $" are taken from [11] and [12], respectively, with BRSMJ/ ! " = 2 .9 ⇥ 10" 6, BRSM

$" = 3 .0 ⇥ 10" 6 [12] and
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where the error in the h ! ZZ# ! 4&rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb" 1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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Note that in case of similar upper bounds on theJ/! " and the $" rates, the resulting bound on%s will be weaker
than the bound %c by a factor at O �
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Next, we naively estimate the future bound on thepp ! h ! J/! " given the current ATLAS upper bound [10],

assuming background dominant search. For simplicity, we consider thatS8/
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BE , where S8,E is the
upper bound on the number of signal events andB8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as
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8,E is the number of signal events in the SM,#SM

h, (8,E ) is the SM Higgs production cross section andL8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8 TeV, resulting in RSB,E ! 1 . Note, that we implicitly assume that the signal and background e" ciencies

are similar in the di#erent runs. In case that they are di#erent it can be absorbed byRSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100 TeV, assumingµZZ ! = %" =
%V = 1 and SM Higgs production, we Þnd
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the first upper bound on exclusive Higgs decays in the h ! J/ �
mode, �hBRJ/ � < 33 fb [10]. This first result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in the J/ � channel as well as in other modes such as �� .

The Higgs signal strength measurements at the LHC are sensitive only to �hBRfinal, i.e. the production cross
section times the branching ratio to a specific final state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we define
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where M = J/ ,� and a perfect cancellation of the production is assumed. The theoretical predication for h ! J/ �

and h ! �� are taken from [11] and [12], respectively, with BRSM
J/ � = 2.9 ⇥ 10�6, BRSM

�� = 3.0 ⇥ 10�6 [12] and
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where the error in the h ! ZZ⇤ ! 4` rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb�1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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Note that in case of similar upper bounds on the J/ � and the �� rates, the resulting bound on s will be weaker
than the bound c by a factor at O "
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#
.

Next, we naively estimate the future bound on the pp ! h ! J/ � given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider that S8/

p
B8 ⇡ SE/

p
BE , where S8,E is the

upper bound on the number of signal events and B8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as
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SSM
8,E is the number of signal events in the SM, �SM

h,(8,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies

are similar in the di↵erent runs. In case that they are di↵erent it can be absorbed by RSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100TeV, assuming µZZ⇤ = � =
V = 1 and SM Higgs production, we find
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at 95% CL, where ! SM
h, (8 ,14,100) = 22.3, 57.2, 897 pb [7],L 8 = 19.2 fb! 1 and µJ/ ! ,8 = 510 [10]. YS: I have µJ/ ! = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of" c ! 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and onRSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ! ,14(100) < 2.4 (0.61)! 10! 4,
where we assume SM production andL 14(100) = 300 fb! 1.

It is interesting to compare the projected bounds on" c between the inclusive rate with c-tagging and the exclusive
decays toh " J/ # $. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the Þrst 300 fb! 1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb! 1

it is expected to be stronger by a factor of 10.[YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h " %$.
In order to do so, for upper bounds at the same CL we use the approximationS" /

!
B" # SJ/ ! /

!
BJ/ ! , where

BJ/ ! ( " ) is the number of background events andSJ/ ! ( " ) is the upper bound in the number of signal events in the
J/ # (%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on theh " %$signal strength, µ" .

The ratio between the number of signal events in each case is given by

S"

SJ/ !
=

! h BR(h " %$) L
! h BR(h " J/ # $) L

BR(%" K + K ! )
BR(J/ # " µ+ µ! )

&"

&J/ !
(15)

where &J/ ! ( " ) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B"

BJ/ !
=

! (pp " %j ) P(j " $)L
! (pp " J/ # j ) P(j " $)L

BR(%" K + K ! )
BR(J/ # " µ+ µ! )

&"

&J/ !
, (16)

where P(j " $) $ 2 ! 10! 4 is the probability for a jet to be misidentiÞed as a photon under the tight selection
criteria [15].

Combing S" /
!

B" # SJ/ ! /
!

BJ/ ! with Eqs. (15)Ð(16) leads to an estimation of the upper bound onh " %$rate
in terms of µJ/ !

µ" = µJ/ !

BRSM
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BRSM
"#

"
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! (pp " J/ # j )
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&J/ !

&"
= 0 .33µJ/ !

"
! (pp " %j )

! (pp " J/ # j )
&J/ !

&"
(17)

where BR(%" K + K ! ) = 48 .9% and BR(J/ # " µ+ µ! ) = 5 .93% [16]. Since theJ/ # is reconstructed in the di-muon
channel, while the %in the K + K ! channel we expect that &J/ ! > &" . Moreover, we expect that ! (pp " %j ) >
! (pp " J/ # j ) for a given jet deÞnition YS: should we explain more?. Therefore, we conclude thatµ" > 0.33µJ/ ! .

In order to estimate the ratio ! (pp " %j )/ ! (pp " J/ # j ), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which haveJ/ # (%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and �%(J/ # (%), j ) > 0.5 . The resulting ratio is

! (pp " %j )
! (pp " J/ # j )

#
#
#
#
Pythia

$ 8.5. (18)

As a cross check we evaluate the ratio of! (pp " J/ # j ) from Pythia and the one that is reported by ATLAS to
be $ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no signiÞcant change for 14 TeV center of mass energy and Þnd that
! (pp " %j )/ ! (pp " J/ # j ) $ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where�SM
h, (8,14,100) = 22.3, 57.2, 897 pb [7],L 8 = 19.2 fb�1 and µJ/ ! ,8 = 510 [10]. YS: I have µJ/ ! = 510,

while ATLAS quote 540. These bounds may be compared to the current bound ofc ! 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and onRSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ! ,14(100) < 2.4 (0.61)! 10�4,
where we assume SM production andL 14(100) = 300 fb�1.

It is interesting to compare the projected bounds onc between the inclusive rate with c-tagging and the exclusive
decays toh " J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the Þrst 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10.[YS: maybe this paragraph should be in a di! erent place. ]
The di! erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di! erent channels, in particular for h " �� .
In order to do so, for upper bounds at the same CL we use the approximationS" /

!
B" # SJ/ ! /
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BJ/ ! , where

BJ/ ! (" ) is the number of background events andSJ/ ! (" ) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on theh " �� signal strength, µ" .

The ratio between the number of signal events in each case is given by
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where ✏J/ ! (" ) is the triggering and reconstruction e" ciency, . Following [10], the main background is expected to be
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where P (j " �) $ 2 ! 10�4 is the probability for a jet to be misidentiÞed as a photon under the tight selection
criteria [15].

Combing S" /
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B" # SJ/ ! /
!

BJ/ ! with Eqs. (15)Ð(16) leads to an estimation of the upper bound onh " �� rate
in terms of µJ/ !

µ" = µJ/ !

BRSM
J/ !#

BRSM
"#

"
�(pp " � j)
�(pp " J/ j)

BR(J/ " µ+µ�)
BR(� " K+K�)

✏J/ !

✏"
= 0 .33µJ/ !

"
�(pp " � j)
�(pp " J/ j)

✏J/ !

✏"
(17)

where BR(� " K+K�) = 48 .9% and BR(J/ " µ+µ�) = 5 .93% [16]. Since theJ/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ ! > ✏" . Moreover, we expect that �(pp " � j) >
�(pp " J/ j) for a given jet deÞnition YS: should we explain more?. Therefore, we conclude thatµ" > 0.33µJ/ ! .

In order to estimate the ratio �(pp " � j)/�(pp " J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which haveJ/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and # �(J/ (�), j) > 0.5 . The resulting ratio is

�(pp " � j)
�(pp " J/ j)

#
#
#
#
Pythia

$ 8.5 . (18)

As a cross check we evaluate the ratio of�(pp " J/ j) from Pythia and the one that is reported by ATLAS to
be $ 3.4, where the Pythia is the larger, where the background e" ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no signiÞcant change for 14 TeV center of mass energy and Þnd that
�(pp " � j)/�(pp " J/ j) $ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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♦ Ratio of signals: 

6

at 95% CL, where ! SM
h,(8 ,14,100) = 22.3, 57.2, 897 pb [7], L 8 = 19.2 fb! 1 and µJ/! ,8 = 510 [10]. YS: I have µJ/! = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of " c ! 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/! ,14(100) < 2.4 (0.61) ! 10! 4,

where we assume SM production and L 14(100) = 300 fb! 1.
It is interesting to compare the projected bounds on " c between the inclusive rate with c-tagging and the exclusive

decays to h " J/ # $ . From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb! 1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb! 1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di! erent place. ]
The di! erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di! erent channels, in particular for h " %$.
In order to do so, for upper bounds at the same CL we use the approximation S" /

!
B" # SJ/! /

!
BJ/! , where

BJ/! ( " ) is the number of background events and SJ/! ( " ) is the upper bound in the number of signal events in the
J/ # (%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h " %$signal strength, µ" .

The ratio between the number of signal events in each case is given by

S"

SJ/!
=

! hBR(h " %$) L
! hBR(h " J/ # $) L

BR(%" K + K ! )

BR(J/ # " µ+ µ! )

&"

&J/!
(15)

where &J/! ( " ) is the triggering and reconstruction e" ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B"

BJ/!
=

! (pp " %j ) P(j " $)L
! (pp " J/ # j ) P(j " $)L

BR(%" K + K ! )

BR(J/ # " µ+ µ! )

&"

&J/!
, (16)

where P(j " $) $ 2 ! 10! 4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S" /
!

B" # SJ/! /
!

BJ/! with Eqs. (15)–(16) leads to an estimation of the upper bound on h " %$rate
in terms of µJ/!

µ" = µJ/!

BRSM
J/!#

BRSM
"#

"
! (pp " %j )

! (pp " J/ # j )
BR(J/ # " µ+ µ! )

BR(%" K + K ! )

&J/!

&"
= 0.33 µJ/!

"
! (pp " %j )

! (pp " J/ # j )
&J/!

&"
(17)

where BR(%" K + K ! ) = 48.9% and BR(J/ # " µ+ µ! ) = 5.93% [16]. Since the J/ # is reconstructed in the di-muon
channel, while the % in the K + K ! channel we expect that &J/! > &" . Moreover, we expect that ! (pp " %j ) >
! (pp " J/ # j ) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ" > 0.33 µJ/! .

In order to estimate the ratio ! (pp " %j )/ ! (pp " J/ # j ), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ # (%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and # %(J/ # (%), j ) > 0.5 . The resulting ratio is

! (pp " %j )
! (pp " J/ # j )

#
#
#
#
Pythia

$ 8.5 . (18)

As a cross check we evaluate the ratio of ! (pp " J/ # j ) from Pythia and the one that is reported by ATLAS to
be $ 3.4, where the Pythia is the larger, where the background e" ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
! (pp " %j )/ ! (pp " J/ # j ) $ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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6

at 95% CL, where ! SM
h, (8 ,14,100) = 22.3, 57.2, 897 pb [7],L 8 = 19.2 fb! 1 and µJ/ ! ,8 = 510 [10]. YS: I have µJ/ ! = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of" c ! 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and onRSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ! ,14(100) < 2.4 (0.61)! 10! 4,
where we assume SM production andL 14(100) = 300 fb! 1.

It is interesting to compare the projected bounds on" c between the inclusive rate with c-tagging and the exclusive
decays toh " J/ # $. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the Þrst 300 fb! 1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb! 1

it is expected to be stronger by a factor of 10.[YS: maybe this paragraph should be in a di! erent place. ]
The di! erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di! erent channels, in particular for h " %$.
In order to do so, for upper bounds at the same CL we use the approximationS" /

!
B" # SJ/ ! /

!
BJ/ ! , where

BJ/ ! ( " ) is the number of background events andSJ/ ! ( " ) is the upper bound in the number of signal events in the
J/ # (%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on theh " %$signal strength, µ" .

The ratio between the number of signal events in each case is given by

S"

SJ/ !
=

! h BR(h " %$) L
! h BR(h " J/ # $) L

BR(%" K + K ! )
BR(J/ # " µ+ µ! )

&"

&J/ !
(15)

where &J/ ! ( " ) is the triggering and reconstruction e" ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B"

BJ/ !
=

! (pp " %j ) P(j " $)L
! (pp " J/ # j ) P(j " $)L

BR(%" K + K ! )
BR(J/ # " µ+ µ! )

&"

&J/ !
, (16)

where P(j " $) $ 2 ! 10! 4 is the probability for a jet to be misidentiÞed as a photon under the tight selection
criteria [15].

Combing S" /
!

B" # SJ/ ! /
!

BJ/ ! with Eqs. (15)Ð(16) leads to an estimation of the upper bound onh " %$rate
in terms of µJ/ !

µ" = µJ/ !

BRSM
J/ !#

BRSM
"#

"
! (pp " %j )

! (pp " J/ # j )
BR(J/ # " µ+ µ! )
BR(%" K + K ! )

&J/ !

&"
= 0 .33µJ/ !

"
! (pp " %j )

! (pp " J/ # j )
&J/ !

&"
(17)

where BR(%" K + K ! ) = 48 .9% and BR(J/ # " µ+ µ! ) = 5 .93% [16]. Since theJ/ # is reconstructed in the di-muon
channel, while the %in the K + K ! channel we expect that &J/ ! > &" . Moreover, we expect that ! (pp " %j ) >
! (pp " J/ # j ) for a given jet deÞnition YS: should we explain more?. Therefore, we conclude thatµ" > 0.33µJ/ ! .

In order to estimate the ratio ! (pp " %j )/ ! (pp " J/ # j ), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which haveJ/ # (%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and # %(J/ # (%), j ) > 0.5 . The resulting ratio is

! (pp " %j )
! (pp " J/ # j )

#
#
#
#
Pythia

$ 8.5. (18)

As a cross check we evaluate the ratio of! (pp " J/ # j ) from Pythia and the one that is reported by ATLAS to
be $ 3.4, where the Pythia is the larger, where the background e" ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no signiÞcant change for 14 TeV center of mass energy and Þnd that
! (pp " %j )/ ! (pp " J/ # j ) $ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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6

at 95% CL, where ! SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb! 1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of " c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10! 4,

where we assume SM production and L14(100) = 300 fb! 1.
It is interesting to compare the projected bounds on " c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/# $ . From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb! 1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb! 1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! %$.
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/# (%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! %$signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
! hBR(h ! %$) L

! hBR(h ! J/# $) L
BR(%! K+K ! )

BR(J/# ! µ+µ! )

&�
&J/ 

(15)

where &J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

! (pp ! %j) P (j ! $)L
! (pp ! J/# j) P (j ! $)L

BR(%! K+K ! )

BR(J/# ! µ+µ! )

&�
&J/ 

, (16)

where P (j ! $) ⇠ 2 ⇥ 10! 4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! %$rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
! (pp ! %j)

! (pp ! J/# j)

BR(J/# ! µ+µ! )

BR(%! K+K ! )

&J/ 

&�
= 0.33 µJ/ 

s
! (pp ! %j)

! (pp ! J/# j)

&J/ 

&�
(17)

where BR(%! K+K ! ) = 48.9% and BR(J/# ! µ+µ! ) = 5.93% [16]. Since the J/# is reconstructed in the di-muon
channel, while the % in the K+K ! channel we expect that &J/ > &� . Moreover, we expect that ! (pp ! %j) >
! (pp ! J/# j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio ! (pp ! %j)/! (pp ! J/# j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/# (%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and �%(J/# (%), j) > 0.5 . The resulting ratio is

! (pp ! %j)

! (pp ! J/# j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of ! (pp ! J/# j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
! (pp ! %j)/! (pp ! J/# j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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♦ Backgrounds: ATLAS=> dominant is jet -> photon + QCD         production. 

Even more so expected for     :

6

at 95% CL, where ! SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7],L 8 = 19.2 fb! 1 and µJ/! ,8 = 510 [10]. YS: I have µJ/! = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of" c ! 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and onRSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/! ,14(100) < 2.4 (0.61)⇥10! 4,
where we assume SM production andL 14(100) = 300 fb! 1.

It is interesting to compare the projected bounds on" c between the inclusive rate with c-tagging and the exclusive
decays toh ! J/# $. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the Þrst 300 fb! 1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb! 1

it is expected to be stronger by a factor of 10.[YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! %$.
In order to do so, for upper bounds at the same CL we use the approximationS" /

!
B" ⇡ SJ/! /

!
BJ/! , where

BJ/! (" ) is the number of background events andSJ/! (" ) is the upper bound in the number of signal events in the
J/#(%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on theh ! %$signal strength, µ" .

The ratio between the number of signal events in each case is given by

S"

SJ/!
=

! hBR(h ! %$) L
! hBR(h ! J/# $) L

BR(%! K+K ! )
BR(J/# ! µ+µ! )

&"

&J/!
(15)

where &J/! (" ) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B"

BJ/!
=

! (pp ! %j) P (j ! $)L
! (pp ! J/# j) P (j ! $)L

BR(%! K+K ! )
BR(J/# ! µ+µ! )

&"

&J/!
, (16)

where P (j ! $) ⇠ 2 ⇥ 10! 4 is the probability for a jet to be misidentiÞed as a photon under the tight selection
criteria [15].

Combing S" /
!

B" ⇡ SJ/! /
!

BJ/! with Eqs. (15)Ð(16) leads to an estimation of the upper bound onh ! %$rate
in terms of µJ/!

µ" = µJ/!

BRSM
J/!#

BRSM
"#

"
! (pp ! %j)

! (pp ! J/# j)
BR(J/# ! µ+µ! )
BR(%! K+K ! )

&J/!

&"
= 0 .33µJ/!

"
! (pp ! %j)

! (pp ! J/# j)
&J/!

&"
(17)

where BR(%! K+K ! ) = 48 .9% and BR(J/# ! µ+µ! ) = 5 .93% [16]. Since theJ/# is reconstructed in the di-muon
channel, while the %in the K+K ! channel we expect that &J/! > &" . Moreover, we expect that ! (pp ! %j) >
! (pp ! J/# j) for a given jet deÞnition YS: should we explain more?. Therefore, we conclude thatµ" > 0.33µJ/! .

In order to estimate the ratio ! (pp ! %j)/! (pp ! J/# j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which haveJ/#(%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and �%(J/#(%), j) > 0.5 . The resulting ratio is

! (pp ! %j)
! (pp ! J/# j)

#
#
#
#
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of! (pp ! J/# j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no signiÞcant change for 14 TeV center of mass energy and Þnd that
! (pp ! %j)/! (pp ! J/# j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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♦ For tight selection (ATLAS)                                     & using PYTHIA to simulate 
QCD BG, and rescaling from           :

6

at 95% CL, where ! SM
h, (8 ,14,100) = 22.3, 57.2, 897 pb [7],L 8 = 19.2 fb�1 and µJ/ ! ,8 = 510 [10]. YS: I have µJ/ ! = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of" c ! 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and onRSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ! ,14(100) < 2.4 (0.61)! 10�4,
where we assume SM production andL 14(100) = 300 fb�1.

It is interesting to compare the projected bounds on" c between the inclusive rate with c-tagging and the exclusive
decays toh " J/ # $. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the Þrst 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10.[YS: maybe this paragraph should be in a di! erent place. ]
The di! erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di! erent channels, in particular for h " %$.
In order to do so, for upper bounds at the same CL we use the approximationS" /

!
B" # SJ/ ! /

!
BJ/ ! , where

BJ/ ! ( " ) is the number of background events andSJ/ ! ( " ) is the upper bound in the number of signal events in the
J/ # (%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on theh " %$signal strength, µ" .

The ratio between the number of signal events in each case is given by

S"

SJ/ !
=

! h BR(h " %$) L
! h BR(h " J/ # $) L

BR(%" K + K �)
BR(J/ # " µ+ µ�)

&"

&J/ !
(15)

where &J/ ! ( " ) is the triggering and reconstruction e" ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B"

BJ/ !
=

! (pp " %j ) P(j " $)L
! (pp " J/ # j ) P(j " $)L

BR(%" K + K �)
BR(J/ # " µ+ µ�)

&"

&J/ !
, (16)

where P(j " $) $ 2 ! 10�4 is the probability for a jet to be misidentiÞed as a photon under the tight selection
criteria [15].

Combing S" /
!

B" # SJ/ ! /
!

BJ/ ! with Eqs. (15)Ð(16) leads to an estimation of the upper bound onh " %$rate
in terms of µJ/ !

µ" = µJ/ !

BRSM
J/ !#

BRSM
"#

"
! (pp " %j )

! (pp " J/ # j )
BR(J/ # " µ+ µ�)
BR(%" K + K �)

&J/ !

&"
= 0 .33µJ/ !

"
! (pp " %j )

! (pp " J/ # j )
&J/ !

&"
(17)

where BR(%" K + K �) = 48 .9% and BR(J/ # " µ+ µ�) = 5 .93% [16]. Since theJ/ # is reconstructed in the di-muon
channel, while the %in the K + K � channel we expect that &J/ ! > &" . Moreover, we expect that ! (pp " %j ) >
! (pp " J/ # j ) for a given jet deÞnition YS: should we explain more?. Therefore, we conclude thatµ" > 0.33µJ/ ! .

In order to estimate the ratio ! (pp " %j )/ ! (pp " J/ # j ), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which haveJ/ # (%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and # %(J/ # (%), j ) > 0.5 . The resulting ratio is

! (pp " %j )
! (pp " J/ # j )

#
#
#
#
Pythia

$ 8.5. (18)

As a cross check we evaluate the ratio of! (pp " J/ # j ) from Pythia and the one that is reported by ATLAS to
be $ 3.4, where the Pythia is the larger, where the background e" ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no signiÞcant change for 14 TeV center of mass energy and Þnd that
! (pp " %j )/ ! (pp " J/ # j ) $ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the first upper bound on exclusive Higgs decays in the h ! J/ �
mode, �hBRJ/ � < 33 fb [10]. This first result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in the J/ � channel as well as in other modes such as �� .

The Higgs signal strength measurements at the LHC are sensitive only to �hBRfinal, i.e. the production cross
section times the branching ratio to a specific final state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we define

RM�,Z ⌘ �hBRM�

�hBRZZ⇤
!4`

' �M�

�ZZ⇤
!4`

=

!
2.8 ⇥ 10�2

"
� � 8.7 ⇥ 10�2c

#2
/2V M = J/ 

2.4 ⇥ 10�2
"
� � 2.6 ⇥ 10�3s

#2
/2V M = �

, (7)

where M = J/ ,� and a perfect cancellation of the production is assumed. The theoretical predication for h ! J/ �

and h ! �� are taken from [11] and [12], respectively, with BRSM
J/ � = 2.9 ⇥ 10�6, BRSM

�� = 3.0 ⇥ 10�6 [12] and

BRSM
ZZ⇤

!4` = 1.25 ⇥ 10�4 [7].
For a given upper bound on an exclusive mode, we can write

RM�,Z <
µM

µZZ⇤

BRSM
M�

BRSM
ZZ⇤

!4`

, µM ⌘ �hBRM,�

�SM
h BRSM

M,�

, (8)

where the error in the h ! ZZ⇤ ! 4` rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb�1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities

11� � 10V

$
µJ/ /µZZ⇤ <c < 11� + 10V

$
µJ/ /µZZ⇤ , (9)

380� � 380V

$
µ�/µZZ⇤ <s < 380� + 380V

$
µ�/µZZ⇤ . (10)

Note that in case of similar upper bounds on the J/ � and the �� rates, the resulting bound on s will be weaker
than the bound c by a factor at O "

(mcmJ/ )/(msm�)
#
.

Next, we naively estimate the future bound on the pp ! h ! J/ � given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider that S8/

p
B8 ⇡ SE/

p
BE , where S8,E is the

upper bound on the number of signal events and B8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as

µM,E = µM,8

%
1

RP,E RL ,E RSB,E

&1/2

, (11)

where we define

RSB,E ⌘ SSM
E /BE

SSM
8 / B8

, RP,E ⌘ �SM
h,E

�SM
h,8

, RL ,E ⌘ LE

L8
, (12)

SSM
8,E is the number of signal events in the SM, �SM

h,(8,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies

are similar in the di↵erent runs. In case that they are di↵erent it can be absorbed by RSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100TeV, assuming µZZ⇤ = � =
V = 1 and SM Higgs production, we find

11 � (75 , 42)

%
1

RSB,14

2 ⇥ (300, 3000) fb�1

L14

&1/4

<c < 11 + (75 , 42)

%
1

RSB,14

2 ⇥ (300, 3000) fb�1

L14

&1/4

, (13)

11 � (38 , 21)

%
1

RSB,14

2 ⇥ (300, 3000) fb�1

L100

&1/4

<c < 11 + (38 , 21)

%
1

RSB,14

2 ⇥ (300, 3000) fb�1

L100

&1/4

, (14)
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at 95% CL, where ! SM
h, (8 ,14,100) = 22.3, 57.2, 897 pb [7],L8 = 19.2 fb�1 and µJ/  ,8 = 510 [10]. YS: I have µJ/  = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of" c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and onRSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/  ,14(100) < 2.4 (0.61)⇥10�4,
where we assume SM production andL14(100) = 300 fb�1.

It is interesting to compare the projected bounds on" c between the inclusive rate with c-tagging and the exclusive
decays toh ! J/ # $. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the Þrst 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10.[YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! %$.
In order to do so, for upper bounds at the same CL we use the approximationS�/

p
B� ⇡ SJ/  /

p
BJ/  , where

BJ/  (�) is the number of background events andSJ/  (�) is the upper bound in the number of signal events in the
J/ # (%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on theh ! %$signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/  

=
! h BR(h ! %$) L

! h BR(h ! J/ # $) L
BR(%! K + K �)
BR(J/ # ! µ+ µ�)

&�
&J/  

(15)

where &J/  (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/  
=

! (pp ! %j ) P(j ! $)L
! (pp ! J/ # j ) P(j ! $)L

BR(%! K + K �)
BR(J/ # ! µ+ µ�)

&�
&J/  

, (16)

where P(j ! $) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentiÞed as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/  /
p

BJ/  with Eqs. (15)Ð(16) leads to an estimation of the upper bound onh ! %$rate
in terms of µJ/  

µ� = µJ/  

BRSM
J/  �

BRSM
��

s
! (pp ! %j )

! (pp ! J/ # j )
BR(J/ # ! µ+ µ�)
BR(%! K + K �)

&J/  

&�
= 0 .33µJ/  

s
! (pp ! %j )

! (pp ! J/ # j )
&J/  

&�
(17)

where BR(%! K + K �) = 48 .9% and BR(J/ # ! µ+ µ�) = 5 .93% [16]. Since theJ/ # is reconstructed in the di-muon
channel, while the %in the K + K � channel we expect that &J/  > &� . Moreover, we expect that ! (pp ! %j ) >
! (pp ! J/ # j ) for a given jet deÞnition YS: should we explain more?. Therefore, we conclude thatµ� > 0.33µJ/  .

In order to estimate the ratio ! (pp ! %j )/ ! (pp ! J/ # j ), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which haveJ/ # (%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and �%(J/ # (%), j ) > 0.5 . The resulting ratio is

! (pp ! %j )
! (pp ! J/ # j )

����
Pythia

⇠ 8.5. (18)

As a cross check we evaluate the ratio of! (pp ! J/ # j ) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no signiÞcant change for 14 TeV center of mass energy and Þnd that
! (pp ! %j )/ ! (pp ! J/ # j ) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where ! SM
h, (8 ,14,100) = 22.3, 57.2, 897 pb [7],L 8 = 19.2 fb! 1 and µJ/ ! ,8 = 510 [10]. YS: I have µJ/ ! = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of" c ! 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and onRSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ! ,14(100) < 2.4 (0.61)! 10! 4,
where we assume SM production andL 14(100) = 300 fb! 1.

It is interesting to compare the projected bounds on" c between the inclusive rate with c-tagging and the exclusive
decays toh " J/ # $. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the Þrst 300 fb! 1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb! 1

it is expected to be stronger by a factor of 10.[YS: maybe this paragraph should be in a di! erent place. ]
The di! erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di! erent channels, in particular for h " %$.
In order to do so, for upper bounds at the same CL we use the approximationS" /

!
B" # SJ/ ! /

!
BJ/ ! , where

BJ/ ! ( " ) is the number of background events andSJ/ ! ( " ) is the upper bound in the number of signal events in the
J/ # (%) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on theh " %$signal strength, µ" .

The ratio between the number of signal events in each case is given by

S"

SJ/ !
=

! h BR(h " %$) L
! h BR(h " J/ # $) L

BR(%" K + K ! )
BR(J/ # " µ+ µ! )

&"

&J/ !
(15)

where &J/ ! ( " ) is the triggering and reconstruction e" ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B"

BJ/ !
=

! (pp " %j ) P(j " $)L
! (pp " J/ # j ) P(j " $)L

BR(%" K + K ! )
BR(J/ # " µ+ µ! )

&"

&J/ !
, (16)

where P(j " $) $ 2 ! 10! 4 is the probability for a jet to be misidentiÞed as a photon under the tight selection
criteria [15].

Combing S" /
!

B" # SJ/ ! /
!

BJ/ ! with Eqs. (15)Ð(16) leads to an estimation of the upper bound onh " %$rate
in terms of µJ/ !

µ" = µJ/ !

BRSM
J/ !#

BRSM
"#

"
! (pp " %j )

! (pp " J/ # j )
BR(J/ # " µ+ µ! )
BR(%" K + K ! )

&J/ !

&"
= 0 .33µJ/ !

"
! (pp " %j )

! (pp " J/ # j )
&J/ !

&"
(17)

where BR(%" K + K ! ) = 48 .9% and BR(J/ # " µ+ µ! ) = 5 .93% [16]. Since theJ/ # is reconstructed in the di-muon
channel, while the %in the K + K ! channel we expect that &J/ ! > &" . Moreover, we expect that ! (pp " %j ) >
! (pp " J/ # j ) for a given jet deÞnition YS: should we explain more?. Therefore, we conclude thatµ" > 0.33µJ/ ! .

In order to estimate the ratio ! (pp " %j )/ ! (pp " J/ # j ), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which haveJ/ # (%) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |' | < 2.37 and # %(J/ # (%), j ) > 0.5 . The resulting ratio is

! (pp " %j )
! (pp " J/ # j )

#
#
#
#
Pythia

$ 8.5. (18)

As a cross check we evaluate the ratio of! (pp " J/ # j ) from Pythia and the one that is reported by ATLAS to
be $ 3.4, where the Pythia is the larger, where the background e" ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no signiÞcant change for 14 TeV center of mass energy and Þnd that
! (pp " %j )/ ! (pp " J/ # j ) $ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where �SM
h, (8 ,14,100) = 22.3, 57.2, 897 pb [7], L 8 = 19.2 fb�1 and µJ/  ,8 = 510 [10]. YS: I have µJ/  = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/  ,14(100) < 2.4 (0.61) ! 10�4,

where we assume SM production and L 14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h " J/  �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di! erent place. ]
The di! erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di! erent channels, in particular for h " �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

!
B� # SJ/  /

!
BJ/  , where

BJ/  (�) is the number of background events and SJ/  (�) is the upper bound in the number of signal events in the
J/  (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h " �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/  

=
�hBR(h " ��) L

�hBR(h " J/  �) L
BR(� " K + K �)

BR(J/  " µ+ µ�)

✏�
✏J/  

(15)

where ✏J/  (�) is the triggering and reconstruction e" ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/  
=

�(pp " � j ) P(j " �)L
�(pp " J/  j ) P(j " �)L

BR(� " K + K �)

BR(J/  " µ+ µ�)

✏�
✏J/  

, (16)

where P(j " �) $ 2 ! 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
!

B� # SJ/  /
!

BJ/  with Eqs. (15)–(16) leads to an estimation of the upper bound on h " �� rate
in terms of µJ/  

µ� = µJ/  

BRSM
J/  �

BRSM
��

"
�(pp " � j )
�(pp " J/  j )

BR(J/  " µ+ µ�)

BR(� " K + K �)

✏J/  

✏�
= 0.33 µJ/  

"
�(pp " � j )
�(pp " J/  j )

✏J/  

✏�
(17)

where BR(� " K + K �) = 48.9% and BR(J/  " µ+ µ�) = 5.93% [16]. Since the J/  is reconstructed in the di-muon
channel, while the � in the K + K � channel we expect that ✏J/  > ✏� . Moreover, we expect that �(pp " � j ) >
�(pp " J/  j ) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/  .

In order to estimate the ratio �(pp " � j )/ �(pp " J/  j ), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/  (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and # �(J/  (�), j ) > 0.5 . The resulting ratio is

�(pp " � j )
�(pp " J/  j )

#
#
#
#
Pythia

$ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp " J/  j ) from Pythia and the one that is reported by ATLAS to
be $ 3.4, where the Pythia is the larger, where the background e" ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp " � j )/ �(pp " J/  j ) $ 9.

We can further use Eqs. (10), (17) and (18) to obtain

380 %(2900 , 1600)

$
1

RSB, 14

2 ! (300, 3000) fb�1

L 14

%1/ 4

< s < 380 + (2900 , 1600)

$
1

RSB, 14

2 ! (300, 3000) fb�1

L 14

%1/ 4

,

(19)

380 %(1400 , 800)

$
1

RSB, 14

2 ! (300, 3000) fb�1

L 100

%1/ 4

< s < 380 + (1400 , 800)

$
1

RSB, 14

2 ! (300, 3000) fb�1

L 100

%1/ 4

,

(20)



5

0 50 100 150 200 250
0

5

10

15

20

25

! c

! b

95"

68.3"

5fb#1!7TeV"$20fb#1!8TeV"

%total
CMS %total

ATLAS

h& J#'(

FIG. 4. 68.3% CL (cyan) and 95% CL (gray) allowed regions
of the recast study in the ! cÐ! b plane, with the best-Þt (SM)
point indicated by the black circle(blue rectangle). Shaded
areas represent the regions excluded by the total width (AT-
LAS and CMS) and the exclusive Higgs decay of h ! J/ "# .

production mechanisms because they are found to be
negligible for ! c ! 50. The allowed range of! V from
EW precision data assuming a cuto! scale of 3 TeV is
! V = 1 .08± 0.07 [49]. This, along with the Higgs mea-
surement of VBF and gluon fusion in W W ! , ZZ ! , and
" ø" Þnal states, results in a much stronger bound on the
total Higgs width than the direct measurement.

Following the analysis of Ref. [25] and considering the
current available Higgs data from ATLAS [3Ð5, 44, 52Ð
55], CMS [6Ð8, 10, 42, 56Ð59] and Tevatron [60, 61] along
with the EW data as in Ref. [49], the 95% CL allowed
range for the charm Yukawa is

! c ! 6.2 , (20)

where all the Higgs couplings (including h !
W W, ZZ, ##, gg, Z#, bøb, " ø" ) were allowed to vary from
their SM values. Allowing the up-quark Yukawa also to
vary keeps the same bound.

The ratio between the on-shell and the o! -shell h !
ZZ (! ) rates can probe the Higgs width [62]. The cur-
rent bounds are at order of" total / " SM

total ! 5.4 , 7.7 from
CMS [63] and ATLAS [64], respectively, which corre-
sponds to ! c ! 14, 16. However, as pointed out in
Ref. [65] these bounds are model dependent. Thus, we
do not consider this bound in our analysis.

HiggsÐquark non-universality: We now turn to
provide a lower bound on the top Yukawa coupling to
compare it with the upper bounds on the charm Yukawa
coupling obtained above. A comparison with tøth data
allows us to show that current data eliminates the possi-
bility that the Higgs couples to quarks in a universal way,
as is consistent with the SM prediction. As mentioned in

FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

Eq. (2), a naive average of the ATLAS and CMS results
yields µt øth = 2 .4 ± 0.8. This leads to a lower bound on
the top Yukawa (at 95% CL),

! t > 0.9

s
BRSM

Þnals

BRÞnals
> 0.9, (21)

where BRÞnals stands for the Þnal states that were consid-
ered by the collaborations in thetøth measurements. The
last inequality is valid in case that the Higgs to charm
pairs is the dominant partial width (as is expected in
the case where our rather weak bounds obtained above
are saturated). In the special case where the dominant
decays are to charms and" Õs, namely! ⌧ " 1, we have
µVBF ,⌧ > 2, which is excluded by data [5, 8]. We thus
conclude that
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where the last inequality is based on comparison of
Eqs. (11), (14), (19) and (20) with Eq. (21). We there-
fore conclude that the Yukawa couplings of the up-type
quarks are non-universal.

Summary of LHC constraints: In Fig. 4 we present
bounds on Higgs couplings from theV h recast, the total
width measurements, and the exclusive decay toJ/ $#,
on the ! cÐ! b plane. We see that the relatively robust
bounds from the V h recast and the total width measure-
ments are of same order of magnitude and also comple-
ment each other.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-

Showing all constraints together
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Constraining Higgs-quark universality #1 (model indep’)
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Mano’s talk: the method works much better via real c-tagging working point. 

♦ New production eliminates the yc runaway cc < 230 what about yt ?
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FIG. 4. 68.3% CL (cyan) and 95% CL (gray) allowed regions
of the recast study in the ! cÐ! b plane, with the best-Þt (SM)
point indicated by the black circle(blue rectangle). Shaded
areas represent the regions excluded by the total width (AT-
LAS and CMS) and the exclusive Higgs decay of h ! J/ "# .

production mechanisms because they are found to be
negligible for ! c ! 50. The allowed range of! V from
EW precision data assuming a cuto! scale of 3 TeV is
! V = 1 .08± 0.07 [49]. This, along with the Higgs mea-
surement of VBF and gluon fusion in W W ! , ZZ ! , and
" ø" Þnal states, results in a much stronger bound on the
total Higgs width than the direct measurement.

Following the analysis of Ref. [25] and considering the
current available Higgs data from ATLAS [3Ð5, 44, 52Ð
55], CMS [6Ð8, 10, 42, 56Ð59] and Tevatron [60, 61] along
with the EW data as in Ref. [49], the 95% CL allowed
range for the charm Yukawa is

! c ! 6.2 , (20)

where all the Higgs couplings (including h !
W W, ZZ, ##, gg, Z#, bøb, " ø" ) were allowed to vary from
their SM values. Allowing the up-quark Yukawa also to
vary keeps the same bound.

The ratio between the on-shell and the o! -shell h !
ZZ (! ) rates can probe the Higgs width [62]. The cur-
rent bounds are at order of" total / " SM

total ! 5.4 , 7.7 from
CMS [63] and ATLAS [64], respectively, which corre-
sponds to ! c ! 14, 16. However, as pointed out in
Ref. [65] these bounds are model dependent. Thus, we
do not consider this bound in our analysis.

HiggsÐquark non-universality: We now turn to
provide a lower bound on the top Yukawa coupling to
compare it with the upper bounds on the charm Yukawa
coupling obtained above. A comparison with tøth data
allows us to show that current data eliminates the possi-
bility that the Higgs couples to quarks in a universal way,
as is consistent with the SM prediction. As mentioned in

FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

Eq. (2), a naive average of the ATLAS and CMS results
yields µt øth = 2 .4 ± 0.8. This leads to a lower bound on
the top Yukawa (at 95% CL),
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where BRÞnals stands for the Þnal states that were consid-
ered by the collaborations in thetøth measurements. The
last inequality is valid in case that the Higgs to charm
pairs is the dominant partial width (as is expected in
the case where our rather weak bounds obtained above
are saturated). In the special case where the dominant
decays are to charms and" Õs, namely! ! " 1, we have
µVBF ,! > 2, which is excluded by data [5, 8]. We thus
conclude that
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where the last inequality is based on comparison of
Eqs. (11), (14), (19) and (20) with Eq. (21). We there-
fore conclude that the Yukawa couplings of the up-type
quarks are non-universal.

Summary of LHC constraints: In Fig. 4 we present
bounds on Higgs couplings from theV h recast, the total
width measurements, and the exclusive decay toJ/ $#,
on the ! cÐ! b plane. We see that the relatively robust
bounds from the V h recast and the total width measure-
ments are of same order of magnitude and also comple-
ment each other.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-
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New production mechanism VH(bb)
GP, Soreq, Stamou & Tobioka (Feb/15)

♦ 𝜇c =                   => \w SM VH-production 𝜇c < 30 => no constraint on yc.!
! SM

Br

BrSMc

♦ However 𝜇c < 30 for large cc >50 new production mechanism:

 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

charm jets identified by combining “information from the impact 
parameters of displaced tracks and topological properties of 
secondary and tertiary decay vertices” using multivariate techniques
 

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data

tt̄
30 < pT < 200
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V H enhancement at LHC8
100 < p T (W )/ GeV < 130

130 < p T (W )/ GeV < 180

180 < p T (W )/ GeV

100 < MET( Z!! )/ GeV < 130

130 < MET( Z!! )/ GeV < 170

170 < MET( Z!! )/ GeV

100 < p T (Z"" )/ GeV < 130

170 < p T (Z"" )/ GeV

(MG, cuts from CMS analysis) 

GP, Soreq, Stamou & Tobioka, preliminary

No runaway for cc cc < 250.
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Comment added

65

Koenig & Neubert (15) obtained a weaker bound than what shown above.

 The reason for this is three fold:

 (i) we normalised the signal strength of the exclusive channels by μZZ∗ to reduce 
the dependence on κγ by 10%.

(ii) include the order 10% theoretical uncertainty in the bound. 
(iii) KN: modified central value of matrix element => 40% reduction the dependence 
of κc  => 40% increase in the bound: 

4 Interpretation of h ! J/  �

Recently, ATLAS put the first bound on the Higgs exclusive decay to J/  � [12]

�(pp ! h) " BRh! J � < 33 fb , (19)

under the assumption of SM Higgs production this can be interpreted as bound of BR(h !
J/  �) < 1.5 " 10" 3 .

The partial width of h ! J/  � at mh = 125GeV can be extrapolated from Eqs. (16)–(17)
of [13]

�h! J/ � = 1.32 (� # 0.13c)
2 " 10" 8 GeV . (20)

Ref. [14] includes relativistic corrections and gives the result for mh = 125.9± 0.4GeV

�h! J/ � = |(11.9± 0.2)� # (1.04± 0.14)c|2 " 10" 10 GeV

=1.42 (� # 0.087c)
2 " 10" 8 GeV , (21)

see Eqs. (53) of [14]. The result for Note that we should evaluate this partial width at mh =
125.1± 0.3GeV using the formalism of [14].

The dependence on the production mechanism and the Higgs total width can be canceled
to good approximation in the ration between the bound (or measurement in the future) of the
pp ! h ! J/  � rate and one of the other Higgs rate measurements with inclusive production,
for example h ! ZZ # ! 4` . We define

RJ/ ,Z =
�(pp ! h) " BRh! J/ �

�(pp ! h) " BRh! ZZ⇤! 4`
=

�h! J/ �

�h! ZZ⇤! 4`
= 2.79

(� # 0.087c)2

2
V

" 10" 2 , (22)

where perfect cancellation of the production is assumed (correct for leading order) and BRSM
h! ZZ⇤! 4` =

1.26" 10" 4 . By using Eq. (19) and the ZZ # signal strength µZZ⇤ = 1.44+0 .40
" 0.33 [15] we can extract

RJ/ ,Z =
33 fb

µZZ⇤�SMBRSM
h! ZZ⇤! 4`

< 9.32 . (23)

Combine the last with Eq. (22) leads to

# 210V + 11� < c < 210V + 11� . (24)
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