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Motivation

Higgs boson mass in NMSSM with moderate or large tan 3

e contribution to mp from mixing with the singlet scalar
o modifications due to mixing with the heavy doublet scalar
o constraints on A™*m,, from experimental data

Predictions for the branching ratios of the 125 GeV Higgs
Prospects for discovery of singlet-dominated scalar at LHC

Conclusions
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Higgs-like particle with the mass of about 125 GeV
discovered by LHC experiments:

Light enough to be not excluded in simple SUSY models

125 GeV Higgs allowed but in MSSM

Can this be improved in simple extensions of MSSM?
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Higgs boson mass in MSSM and its extensions
mi — M;COSz 2/3 + (6mi)rad+(5mi2l)non7MSSM

~ 3g°m; [ln (MSZUSY>_|_ X 1 X3 }

~ 2.2 2 2 ~ 19 Asa
8mimyy, my M&yevy 12 Mgygy

(6mi)rad

e Msusy 2 5 TeV  — for vanishing stop mixing X? = 0
e Msyusy 2 700 GeV — for optimal stop mixing X? =~ 62 4

If non-MSSM contribution accounts for 10 (5) GeV of the Higgs
mass:

e Msusy 2 2 (3) TeV — for vanishing stop mixing
e Mgsusy 2 300 (400) GeV — for optimal stop mixing

5 -+ 10 GeV non-MSSM contribution to the Higgs mass
may allow for substantially lighter stops (less fine tuning)
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LHC constraints on the stop mass

T, producton

T T T
ATLAS Preliminary

For typical SUSY spectra the stop
masses below about 600-700 GeV
are ruled out by the LHC
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Possibilities to avoid very heavy stops (large fine tuning):

@ light stops in some corners of SUSY parameter space
(fine-tuning of the EW scale may be small but different kind
of fine tuning may appear)

@ stop masses just below 1 TeV giving moderate EW fine tuning

In the second case:

@ O(5) GeV correction to the MSSM Higgs mass could be
satisfactory

o at least for moderate and large values of tan 3
for which the tree level MSSM term is close to its maximal value

Marek Olechowski 125 GeV Higgs in NMSSM with moderate or large tan 3



Higgs sector in NMSSM

Self-interacting singlet superfield S
is used to generate the effective p-term

Wnmssm = ASH, Hg + f(S)
Soft terms in the Higgs sector:

—Lsote DMy |Hu|?> + m? |Hgl* + m2|S|?

+ (ANASH, Hy + m2H, Hy

1 1
+ g;-:A,.@S?’ + 5m’;s2 +¢&sS + h.c.)

Conditions imposed on the above couplings define different
versions of NMSSM

For example, the “Zs-invariant” NMSSM is defined by conditions
() =2 8° mZ=mZ=¢(¢=0
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Higgs sector in NMSSM

The Higgs squared mass matrix in the basis
(h = cos BHy + sin BHy, H = sin BHq — cos BH,, 3 = S)
(h has the same couplings as the SM Higgs)
Mg,
M? = 1(m% — A\?v?)sin4p M3
Av(2p — A sin 23) AvAcos23 M?2

M2, = MZ cos® 203 + (6m2)™d + A%v? sin? 23
A = Ax+ (83f(S))
The mass of the SM-like Higgs h (mass eigenstates: h, H, s):

mi = Mé cos?2 28 + (Jmi)rad + A%v? sin? 28 + (6Tn,i)mix

NMSSM contributions:
o tree-level contribution due to ASH, H, interaction

e contribution due to mixing among h, 3, H states — mainly h-3
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Higgs sector in NMSSM

m? = M2 cos® 283 + (6m?)™d + A%v? sin? 283 + (dm7 )™

The most popular strategy to get big enough Higgs boson mass
is to use the NMSSM tree-level contribution

@ sin 23 can not be small = tan 3 close to 1 (usually < 3)

@ A must be big (may become non-perturbative below GUT
scale) in order to overcompensate the decrease of the
tree-level MSSM term M?Z cos? 23

o mixing with H neglected
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Higgs sector in NMSSM

m? = M2 cos® 283 + (6m?)™d + A%v? sin? 283 + (dm7 )™

The most popular strategy to get big enough Higgs boson mass
is to use the NMSSM tree-level contribution
@ sin 23 can not be small = tan 3 close to 1 (usually < 3)

@ A must be big (may become non-perturbative below GUT
scale) in order to overcompensate the decrease of the
tree-level MSSM term M?Z cos? 23

o mixing with H neglected

Our proposal:
increase m;, by the mixing contribution
e moderate and large values of tan 3 especially interesting
because they give big tree-level MSSM term M2 cos? 23

o for moderate and large values of tan 3 we need the mixing
contribution because the tree-level NMSSM one is very small
o mixing with H important
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Higgs sector in NMSSM

Mixing with H is usually neglected
but in general may be important

M,
M? = %(mzz — A%v?)sin43 MIZJH

Av(2p — Asin28)  AvAcos28 M2

For small tan 3:

e tanf — 1 = sin48 — 0 cos28 — 0

o but: tan3 =2 = sin48 = —-0.96 cos283 = —0.6
while for large tan (3:

e tan3 — oo = sin48 — 0 cos23 —» —1

I:{—ﬁ mixing is small for (very!) small and large tan 3
H-3 mixing is small for small tan 8
but may be non-negligible for large (or moderate) tan 3
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Moderate and large tan 3

The mixing always “pushes away” the eigenvalues

o h-H mixing decreases my,

@ h-3§ mixing increases m;, only when mg, < my,

= we prefer
o Mg < mp,
o substantial k-3 mixing
o small h- H mixing
myp < 2mg to avoid problematic higgs-to-higgs decays

1
We consider models with: Emh <ms < mp <K mg

First approximation: ignore mixing with H
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Mixing with the singlet only

M2 — Msh Mi%s
M?, M?

88

SM-like Higgs mass squared without mixing taken into account:

M2, = M2 cos®23 + (dm?)™d + A%v? sin? 23

With the mixing: mp = Mpn + Amix

) 2 2 ﬁﬁ m§ _4
Amix=mh_\/mh_gs(mh_ms)z? mh_mi +O(gs
g, is a coupling of s to Z bosons (relative to SM Higgs coupling)
In order to obtain big positive A,,;x one prefers

e big g,
e small m,
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Mixing with the singlet only

It is not possible to have simultaneously big mixing and light singlet

Light scalar with a substantial mixing with the SM-like Higgs would
have been discovered by the LEP experiments

« T T
_ _ z S I
BR(s — bb) = _oae2bb) - o 1 LEP
( ) = BRI G—0h) s Vs = 91210 GeV 3
£ ]
2 — =2 BR 7 =
SbE = gs X BR(S — bb) Q —— Observed 7
U """" Expected for background
-1
. R0} E
only h-3 mixing = ¢Z ~ g2 & ]
LEP constraints on g2 - 7
are stronger for lighter Y Y P I R I

P
20 40 60 80 100 120

singlet-dominated scalars 5
my(GeV/c?)
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Mixing with the singlet only

For given m? we have upper bound on §§ = upper bound on A i«

@ Anix up to 6 GeV in a few-GeV interval for m, around 95 GeV
o A% drops down very rapidly for m, < 90 GeV

~
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Mixing with the singlet and the heavy doublet

Mixing with (very) heavy doublet, H, has little impact on the
masses of two other scalars

However, even small admixture of the heavy doublet may change
substantially the couplings of singlet-dominated scalar to b and T
if tan 3 is not small

CY =C® =g, + pstan 8

s = §Sﬁ + psH + 0,5 is the singlet-dominated mass eigenstate

e £2. K g2 is possible
= constraints from the b-tagged LEP searches may be relaxed
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Mixing with the singlet and the heavy doublet

If BR(s — bb) is suppressed the s — cé, gg decays dominate

Main constraint from flavor-independent LEP searches for s — jj

0.5

¢2 =g2 - BR(s — bb)

&, = 9. - BR(s — jj)

60 70 80 90 100  1do

LEP constraints on 532‘3‘ are typically much weaker than on 555
especially for smaller m
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Mixing with the singlet and the heavy doublet

Larger corrections to the Higgs mass from mixing are consistent
with the LEP data for suppressed BR(s — bb)

2 _ -2
w6 — 9Is
max _ ||,
mix 7|
2 _ =2
§ii = 9s

® Anix 2 5 GeV allowed for m, between 60 and 110 GeV
o Anix = 8 GeV allowed for m, around 100 GeV
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Mixing with the singlet and the heavy doublet

Do we need fine tuning to suppress BR(s — bb)?

C¥ =0 =g, + pstanp

BR(s — bb) is suppressed when: pA >0
BR(s — bb) is a complicated function of tan 3

@ One of the regions with strongly suppressed 535 occurs close
to tan 31 ~ O(A/pu)

o The other region with strongly suppressed fgg occurs close to
tan B2 ~ O ((p/A)(m3;/m}))
e tan 3; increases while tan 3; decreases with increasing A/u

o When A/ is big enough two regions of strongly suppressed
Egg may merge to produce one large region in tan 3
compatible with the LEP results
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Mixing with the singlet and the heavy doublet

Do we need fine tuning to suppress BR(s — bb)?

C¥ =0 =g, + pstanp

BR(s — bb) is suppressed when: pA >0
BR(s — bb) is a complicated function of tan 3

@ One of the regions with strongly suppressed 535 occurs close
to tan 31 ~ O(A/pu)

o The other region with strongly suppressed fgg occurs close to
tan B2 ~ O ((p/A)(m3;/m}))
e tan 3; increases while tan 3; decreases with increasing A/u

o When A/ is big enough two regions of strongly suppressed
Egg may merge to produce one large region in tan 3
compatible with the LEP results

No new fine tuning is necessary
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Numerical example: mys = 75 GeV

Apnix [GeV]

6 ms = 75 GeV

5 mp = 125 GeV
41 myg = 1000 GeV
3] n =150 GeV

7] A = 800 GeV

A = 0.08
10 20 30 10 50
tanf

o the LEP bounds satisfied for 30 < tan 3 < 40
o Correction to the SM-like Higgs mass is A,;x ~ 6 GeV
o It would be below 2 GeV if mixing with H was neglected
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Numerical example: ms = 100 GeV

Anix [GeV]

ms = 100 GeV
mp = 125 GeV
mpyg = 500 GeV
p = 150 GeV

A =600 GeV

A = 0.06

&5 [1077]

10 20 30 10

o the LEP bounds satisfied for tan 3 < 27
@ Anix up to about 8 GeV
o tan 3 < 18, Amix S 5 GeV if mixing with H is neglected
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Why A is small?

Mixing term between singlet and SM-like doublet:
M,fs = Av(2p — Asin 23)

For moderate and large values of tan 3
M,%S =~ 2\vp

v~ 174 GeV, p = 100 GeV
=  m? becomes negative for X bigger than ©(0.1)

For small values of tan 3 and A = O(1)
= some tuning of terms in (2p — A sin 23) is necessary
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Predictions for the branching ratios of the 125 GeV Higgs

Mixing changes also the properties of the SM-like Higgs

Couplings of the 125 GeV Higgs to up-type quarks and gauge
bosons are reduced with respect to the SM:

— h)
cMh=c=cl=\/1—-32 = _olep=h) ~1-g°
g ‘ v I oSM(pp — h) e

Branching ratios of h and s are anti-correlated:

BR(s — bb) suppressed (enhanced)

U
BR(h — bb) enhanced (suppressed)

BR®M(h — bb) ~ 60% = change of BR(h — bb) affects all
channels

BR(s — bb) suppressed = R{) = R{) <1 —g2
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Numerical scan

u = 150 GeV

A =0.05+0.15

A =100 + 3000 GeV
myg = 250 <+ 2000 GeV
tan 3 = 10 <+ 60

~ R .
RN =~ Ry

Almix
5]
T

€ (0.5,0.7)

' ; € (0.8,1)
0 [ wwwy I | JT é

60 70 80 920 100 110
m

5
o A ix up to 8 GeV with Rg}‘), > 0.5
@ Anix > 5 GeV with R&f‘), > possible for wide range of m

° Rgl‘), Pl — A« up to 6 GeV but only for m,; ~ 95 GeV
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Properties of the 125 GeV Higgs have not been measured with a
good precision
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mpg = 250 <+ 2000 GeV

? u = 150 GeV
I“
III | || ‘
tan 3 = 10 <+ 60
> 30

A =0.05+0.15
_ 30'
3 -
2 |-
lo
l |-
(O L L LA LLLL s

A =100 + 3000 GeV
60 70 %0 % 100 110

Almix
=
T

@ Anix > 6 GeV at possible for 72 GeV < m; < 100 GeV
o Anix > 5 GeV at possible for 67 GeV < m, < 105 GeV

~

@ A, ix > 4 GeV at 1o possible for all values of m,
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Prospects for discovery of s at the LHC

In regions with suppressed sbb coupling the branching ratios of s
to up-type fermions and gauge bosons are quite large

The s — ~~ channel is very promising for the s discovery at LHC

34

. c =o
R C{*) suppressed only by the
amount required to satisfy
N LEP constraints on £2;

60 70 80 90 100 110

@ The signal in v+ channel 2 times stronger than in SM possible
e Maximal A,,ix predicts Rﬁy{/) > 1 for (almost) all values of m
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Prospects for discovery of s at the LHC — numerical scan

! ' ‘ p = 150 GeV

A =0.05+0.15

A =100 < 3000 GeV
my = 250 < 2000 GeV
tan 38 = 10 <+ 60

Tx;: 15 | ‘ > 30

1 M 3o

05 F
‘ lo
0
60 70 80 90 100 110
ms
o R{2) up to 1.9 possible (for m, =~ 74 GeV)
At the = level: o R(*) > 1.0 possible for all values of m,

o R{%) up to 1.0 for m, = 110 GeV
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Prospects for discovery of s at the LHC

CMS\S 7TeVL 51fb Ns=8TeV, L= 19.6 fb”

A A AL AN Y L
cus prehmlnary —=—Observed | For m,; = 110 GeV:
200 Hoyy Mva) |Em Expected (68%) |
----- Expected (95%)|

1 @ CMS upper bound
1 R <065

ﬂ o A2* more constrained by

the fit the the LHC data
than by the LEP s — jj
searches

-
o

95% CL limit on o/cg,,
P
T

e AM% even more constrained

by the direct CMS search
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Prospects for discovery of s at the LHC

CMSNs=7TeV,L=51fb"\s=8TeV,L=19.61b"

—=— Observed
B Expected (68%)
----- Expected (95%)

CMS preliminary For mg = 110 GeV:

[ H-oyy (MVA)

\S}
o
T T

o CMS upper bound

R(?) <0.65

15[
o AN®X more constrained by
the fit the the LHC data
than by the LEP s — jj

searches

A

95% CL limit on o/cg,,
5

o
(&)

e AM% even more constrained

by the direct CMS search

0.0 S N PR SEETE N NN ST R
110 115 120 125 130 135 140 145 150
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LHC data for m < 110 GeV should be analysed
Maybe the singlet-dominated scalar is already there!
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Conclusions

Region of moderate/large tan 3 and small A in NMSSM
is interesting for obtaining 125 GeV Higgs mass

About 2 times smaller stop masses are allowed if SM-like
Higgs mass is pushed up by O(5) GeV due to h-s mixing
(when mg < my)
Mixing contribution to the SM-like Higgs mass, A iy,
with neglected heavy doublet scalar (e.g. at small tan 3) is:
o up to 6 GeV only if ms ~ 95 GeV
o less than 2 GeV for smaller m
Mixing with heavy doublet has important consequences in the
region of moderate/large tan 8 and small A:
o BR(s — bb) may be substantially reduced due to mixing
o LEP constraints easily fulfilled for large ranges of tan 3 values
o Anmix up to 5 + 7 GeV compatible with LHC data at 20 level
for mp/2 < ms <110 GeV
Decay branching ratios of s and h are correlated with A ;,
o typically (’1,) < 1 when Anix is large
o typically (Efy) >1( (S.,) up to almost 2 for ms ~75 GeV)

LHC data for ms; < 110 GeV should be analysed
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