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Higgs couplings
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— Production modes: Vector Boson Fusion / gluon fusion
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"Is this the SM Higgs boson?”

* Remark: Impossible to answer this question! Even if we have 1/1000 precision on one

variable, it could be 1/10000 away from the SM.

Karl Popper => impossible to prove a theory. Only possible to falsify competing ones...

« Particle ID card versus model dependence?
— my, I'y; ~assumes 1 resonance only;
— Spin/Parity : SM 0*; no good alternative model with 100 % contribution
but nevertheless, 100% 0- or 2*are benchmarks. Attempt at admixture.

— Couplings: try to extract general features, although each alternative model has its

distinctive couplings structure...

« Complementarity: global features /test of alternative model (2HDM, MSSM...)

e Large work of LHC-Higgs-XS-WG hittp://arxiv.org/pdf/1307.1347v1.pdf
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Tools for Higgs Physics (from Rei Tanaka)
ggF, VBF, WH/ZH, ttH, BSM Higgs

Cross Section

F 7
T smosmmona( )

MSSM/2HDM
FeynHiggs, SusHi

IHixs Jet-veto 2HDMC, CPSuperH
FeHiPro (NNLO QCD+NLO EW) NGO
HNNLO, HRes (NNLO+NNLL gluon @
QCD) - W/zZ
ggh@NNLO (NNLO QCD) top/bottom
VBF Higgs Decay
VV2H  (NLO QCD) | -——- (e)HDECAY (NLO)
VBFNLO (NLO QCD) Higgs Prophecy4f (NLO)
HAWK  (NLO QCD+EW)
VBF@NNLO (NNLO) ~) Higgs p; W/Z
WH/ZH Q HgT (NLO+NNLL)

Q ResBos (NLO+NNLL)  Higgs Properties
V2HV  (NLO QCD)

\

:::@NNLO (NNLO) ////

HQQ (LO QCD)

bbH
bbH@NNLO (NNLO QCD) PDF: MSTW2008, CT10, NNPDF2.1, etc.

+ private codes.

MELA/JHU, MEKD
MadGraph5

NLO MC
aMC@NLO, POWHEG,
SHERPA, HERWIG++
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Statistical methods

« Measurements (mass, couplings) from profiled likelihood method

L. O p : parameter(s) of interest
A(p) = (PA (iu)) 0 : nuisance parameters
L(f1.0)

L(a, 9) global likelihood maximum: p and 0 adjusted for max L

Ly, @(ﬂ)) tested p point : O adjusted for max L at this g point
-2 Ln A(u) follows y? distribution with n d.o.f. (&, ,) =>P(x?> x)...

* Importance of a consistent, global “error model” for an experiment.
Global couplings fit in Atlas: over 1500 nuisance parameters!

» Test of hypothesis (Spin, CP): ratio of likelihoods for each hypothesis.

P = 0%, fuor, b - 0(J2)
7 = log LJ"=0 ,ﬂ(}h,ﬂo ) po(hyp) = j fuyp (@) dgq CL.(J") = PolJyy
LUR e O W= T pe(0%)
alt? alt” alt
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Events / 2 GeV

Events - Fitted bkg

Mass measurement from yy and ZZ*
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m, = 125.5+0.2 (stat) 9>, (sys) GeV 125.7 £ 0.3 (stat) £ 0.3 (sys) GeV

— my : parameter of interest ; u, and p,, treated as independent nuisance parameters
— my, almost independent on the signal strengths.

— value important in couplings determination: BR(WW, ZZ) vary quickly with m!
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Width

SM Higgs width for 125.5 GeV: 4 MeV.

Direct measurement on mass peak

— vy in CMS: observed (expected) upper limit on width 6.9 (5.9) GeV (95% CL).

Interferometry
— Non-zero width enables Higgs to interfere with the continuum far from peak:

vy and 4 leptons. Caola/Melnikov with (4Z2Z*) CMS data: I',,< 39T,,;°M =160 MeV

Invisible decay modes from Z H , H— invisible. (typically Z + E; ;> 100 GeV)
— Assume o(ZH) as in SM

ATLAS: BR <65% @95% CL
CMS: BR < 75% @95% CL

— Beware that this does not count the undetected modes like H — light jets
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Spin/CP
Analysis of internal distributions, irrespective of signal strength.

Different (and complementary) sensitivities from different decay modes.
— Atlas compares 0*to: yy:2%; ZZ:0°,1%, 1, 2*; WW: 1%, 1-, 2*; combination.
— CMS: yy:2%; Z2Z: 0,17, 1, 27; WW: 2%; comb (WW+ZZ ; 100% gg)

Spin 1 forbidden for yy decay (Landau-Yang theorem).
Only looked at in ZZ and WW

Spin 2: many models possible. Graviton-like selected. (JHU: 2*.)

(others can be very exotic...)
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[ J 'Y'Y :

0*/2* separation:

cos (6%)

(Collins-Soper frame)

Spin/CP: examples

~ 280 SN
o L ATLAS H—>|r|r | — = 0 Expected

£ oo 5= E-TE‘-I|L-:11 207" '; 0"Data 3

- 15Df— N —

1001 | + 3

) el

==

D - - -

|cos e

« ZZ* : 2 masses + 5 angles (but few events) 2
2

(BDT)
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0+ / 0O
« 0 :only produced by gg fusion (qq negligible)

* Only ZZ* mode
— Ratio of likelihoods for each hypothesis: 100 % 0* versus 100% 0 :

° G_I-llsr:-r:alilmiln::.ry: I1l_s|=::'Tla'-:f.:_Tfr.ilfcilglfalT?vl.|_|=I||9.t|3f|=s: 4{3:; F UL L LR L B L B
& 01 L0 ] S .25 ATLAS —Data 4
E W g L H=Z7" = 4l R
S o008k — CMS data © [ 5=7TeV [Ldt=461" J=07
% 0. 2 02F -
@ - @ r s=8TeV [Ldt=207 1" —J =0
° £
3 oosf ] S 0.15- —
[+ ==
0.04f- 0.4F ; -
0.02F 0.05F _,:; .
I ; _
G50 0 0 102030 T 0I5
2q = 2xIn(L, /Ly) q
CMS excludes 0~ at 99.8% CL (exp: 99.5) Atlas:excludes 0-at 97.8% CL. (exp: 99.6)

Data well compatible with 0*
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O* / O~ : testing the admixture

 100% 0 : ~impossible because does not couple to WW at tree level.
Effective Lagrangian models allow typically up to ~ 5% of 0

A = v—le;‘Pe;v (mg;wm%; + a2 §uv + A3€uvap q%qg) = A1+ Ay + Ajz

« CMS: probes content of CP violating a;term in ZZ decays.

CMS Preliminary E=TTeVW, L=311"; =8 TeW, L =105 fs"
N T T R T R e e Y T Y Y Y N Y IO B T

,_Cﬂ 10_ i
f(a3) < 0.56 @ 95%CL (exp 0.76) 8 " erpected /
Could be improved by VBF and VH modes i |
with more statistics =t 1 "
0 0.2 04 06 0.8 1

fa3
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Spin 1 and 2

Spin 1
— Only looked at in ZZ and WW :
— Landau-Yang also forbids gg (onshell gluons)—H, 0

hence only qg — H assumed :

Spin 2
— JHU 2*_, assumed
— g9 and qq production different

 polarization
» Kinematics

— 27,atLO :4% qq

but NLO unknown
=>scan inf o
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B e e e S S Sy B B B B s Bt B s s s S 1

T T T | T T T T
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Spin 0]
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Spin

» CLg values of the models tested against 0*

1 (qq) ATLAS cMS
WW YA Combined YA

1* 0.08 2103 3104 <103

1 0.06 0.017 2.7 103 <103

CMS

WWw YA VY Comb WWwW 77 Comb Ty
WW + ZZ
100% gg | .086 17 .007 4104 0.14 0.015 .006 0.61
100% qq | .0013 .026 12 8 10° 103 0.16

« Data fully compatible with 0*
» All other models tested excluded with a large confidence level.
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Signal strength

ATLAS —Gzﬂa‘: Total uncertainty
— G(SYS
my = 125.5 GeV o + 15 onp
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WZ H N bE 105 B ATLAS-CONF-2013-079 n= 088+ 0.20 BeSt flt GlGSM
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L1=C.'P.206‘__DAI : H- 22
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Preliminary 07 ; 0 0.5 1 IB,E f_E y 2.5
w=07" "o | | | est fit olo,,,
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{5 =8TeV [Ldt=13-207 i Signal strength (u)

ATLAS (yy, ZZ, WW) n=133+0.20 [1.23 +£0.18 including bb, 77)]
CMS (yy, ZZ, WW, bb, t1) n=0.80+0.14
Tevatron (yy, WW, bb, 1) n=144+0.60

Good overall compatibility with the SM Higgs.
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Higgs production

Through t coupling t A
— fermion masses... 9 t
ggF
9, 93
Through W/Z coupling Wé---k‘f’----
— W/Z masses...
d ds

— unitarity of SM
\Vector Boson Fusion

Can be tested for all modes with VBF sensitivity

request 2 hard, forward jets. Beware of significant gg contamination in VBF

— CMS:vyy, ZZ, WW, 1t
— ATLAS: yy, ZZ, WW

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013
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Candidate VBF H -> t(e) t(n)

ATLAS
EXPERIMENT

Run Number: 209381, Event Number: 72873013
Date: 2012-08-28 04:17:16 CEST
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Production modes: [ VBF (+VH) ]/ [ ggF +ttH ]
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CMS : evidence for VBF + VH : 3.2 ¢ | 1
Compatible with SM : W (Z) production of Higgs

LL
VBFVH * ggH.ttH
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Higgs couplings

» For each observed final state, production and decay involve several couplings

g g
g
° - FHTEEE Y| I 0
Example: yy Lo Wé“ﬁ _____
ty  >-------
— Production sesssasas” | ] ]
2 4
~ ~ 2 - M
K" (Kp Ky My ) + Ky K= 0i/9°
W :._ e:',". ~\ ! W _J“ ) l. . AN,
— Decay h 2 i & har h d {
H S ‘{4- l.- ‘_:": w === §‘ llfl lj- ------
W ‘; " o w;«f " 1 [ >
T

Decay width : ~ (x,, - 0.2 x)? [ note: interference ]

* Need consistent parametrization => LHC Higgs -XS-WG
» ldeally: use all production and decay modes to measure all x’s
* Reality: some modes are statistically limited, or even invisible ( k., ,,...?)
=> Group some «’s in order to test salient/important features
* Loops : x, x,: as functions of elementary x’s, or left free to test BSM contributions
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Fermion versus Vector couplings

 Groupcouplings : kg =k, = K,= K, ; Ky=Ky=K,
Assume:
g9 — H and H — yy only through SM particles: k, (kg xy) , K, (K¢ )

— only SM particles contribute to decay: k,, (x¢, %) ~ 0.7 ¥z + 0.3 x,/°

IIIIIIIII lllll!'llllllllllllll . IIII 1111 I |
0.6 07 08 09 1 11 12 13 14 15 1.6 -2

CMS Preliminary Vs =7TeV,L<6.1fb" Vs =8TeV, L< 19.6 10"
w FrrrgprrTrTprTT e e = e e e e e T e T e e T e T T 7
4 —ATLAS I_ IH—4l EiH—- v ] o . ¢ SM nggs @ Fermiophobic [ Bkg. only o
- -1 H ] 2 [ TevatronRunll,L_<10fb"
C i\s=7 TeV_{Ldt =4.6-481fb . —= 7Y .Comblned ] B [ & Local maxima " A SM
35 \s=8Tev/Ldt=2071b" + SM x Best Fit i . oo [
- I 4
2 :_ 1 : A'wz=1
1=
= on
0 __ :
A L
C L -
2k i
0

« sensitivity to relative sign: only from interference term in H — vy
* sensitivity to k¢ is mostly through top in loops.
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W and Z couplings (test of ‘custodial symmetry’)

e group kg = K; = K,= K, Un-group xy, , K, , test A, =« / k5
Direct contribution: WW and ZZ ; indirect: yy(through W loop)

— 1) Use only inclusive WW and ZZ decay modes

more model-independent

ATLAS: A, = 0.81+0.16
CMS: Ay, € [0.60, 1.40] (95% CL)

— 2) Also use yy and VBF (+VH) modes
assuming SM content in yyloop

ATLAS: A, = [0.61, 1.04] (68% CL)

CMS: Ay, € [0.62, 1.19] (95% CL)
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CMS Preliminary {s=7TeV,L<5.1fb' {s=8TeV.L<19.6f"
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Coupling to up / down fermions

* setk,=K;,Kqy=K,= K, test Ay, = k4 /K, ; (profile x, and k,,, assume I'ggy,=0)
- different x, x4 : typical of 2 Higgs Doublet Models, ex MSSM.
y 50 CMS Preliminary ys=7TeV,L<51fb"' \s=8TeV.L<19.6fb"
LY J m L L L LI YL L L L L L L L LB ]
e e C i )"dw Kus Ky —— Observed 1
* sensitivity : — 450 : -
< 405_ ----Exp. for SM H 2
— k, = x.from loops a0 : ; /
- 3.5 -. -' £
— ¥y4=x,= k, from bb and tt decay modes a0l : ; ]
« CMS: A, ¢ [0.74,1.95] (95% CL) 25F ' E
2.0F -, 3
. . . 15; '.‘ ’:, _i
(i.e. seen at ~ 3 sigmas merging b and 1) 1.0f ‘ / :
0.5F -
ST I R A .
0'00 0.5 *1 1.5 2
A‘du
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Loop couplings: contributions from non-SM particles?

* Introduce effective, independent, x, x, (allow additional contributions to loops)
« Assume all couplings to SM particles x; = 1

 Assume no contributions to the total width in undetected modes

o _| Trrr ‘ Trrr | T T | Trrr Trrr | Trorr | Trorr ‘ Trrr | Trrr '_ 2 0 C;\N?S\ F\)rle‘:nlnr?alry \‘\S \=|7\Tey’|L|55I-1\ flbIT‘\.|S|=IB\TeY’IL\S\ﬂlgw-slf\b-‘
“ ,of ATLAS « SM E & 2:0p o, \ :

E \s=7TeV [Ldt-4.6-4.81b" x Best fit E 181 E

- \s=8TeV]Ldt=2071b" —68%CL E 1.6] ]

1.8/ Combined H->yy, ZZ*, WW* ~-95% CL = b E

1.6 = Tt 1

1.4F 3 12 e E

1:2_ é 1_0%_ ............ /// _""-\\ i

1 3 o8 X N E

o8k _i 06;7 ............... .': ::":--..____.-4/ . , {

yd E odf ]

08 08 T i T2 i3 74 15 16 17 0.2 E

X, 0.9 b o

0.0 0.5 1.0 1.5 2.0
K,
ATLAS CMS

— %,=1.04+0.14 ~ ,=[0.63, 1.05] (95% CL)
~ x,=1.20£0.15 —x, = [0.59, 1.30] (95% CL)
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BSM decay modes?

* Reminder: ZH , H invisible ( Z + E_missing)

« Here: test invisible and undetectable decay modes
— Need assumption to normalize some width (eitherwise compensation possible)

« ATLAS:

assume tree-level couplings

of SM particles x; , ..., x, . =1

3 parameter fit: x,, Ky, BRinyis undet
BRinvis undet < 0.60 (95%CL)

« CMs:

assume iy, <1

7 parameter fit: ., Ky, Ky, K, K BRinyis undet
BR < 0.64 (95%CL)

invis, undet
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Conclusion

Entering era of Higgs precision measurements
No deviation from SM Higgs seen up to now

Complete the work on run | (2011 + 2012) data

finalize present modes
ttH

Add the new modes to the combination: ttH , ZH (inv), ...

Explore admixtures (like 0°)
Explore (further) particular models: 2HDM, MSSM...

Extrapolate

Run Il phase 0, 1
phase 2
role in big policy decisions
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Additional slides

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013
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Fermions: quark / leptons?

sensitivity :
— ¥, =k, from Tt decay mode

— K4 = K,= K, from bb decay mode and loops

q

CMS: A, [0.57, 2.05] (95% CL)

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013
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Fermion versus Vector couplings (2)

Group couplings : k¥, = Ky = K5 ; Kr =K = K= K,

— Assume: gg — H and H — yy only through SM particles

No assumption on total width:

-
L
2

Ary = KelKy s Kyy = Ky Ky /Ky

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013
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u; dependence on assumed m
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© Fabio Cerutti

The Couplings roadmap

Test Higgs boson couplings depending on available L:
— Total signal yield u: tested at 20% («k tested at 10%)
— Couplings to Fermions and Vector Bosons 20-30%
— Loop couplings tested at 40%
— *Custodial symmetry W/Z Couplings tested at 30%
— Test Down vs Up fermion couplings
— Test Lepton vs Quark fermion couplings
— Top Yukawa direct measurement ttH: «,
— Test second generation fermion couplings: K,
— Higgs self-couplings couplings HHH: 1,

*results in backup slides

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013

Today

7+8 TeV
~ 30 fb

LHC
Upgrade

14 TeV
~ 3000 fb*
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High Luminosity LHC: The timeline

< LHC startup. ¥ s = 900 GeV

\ 5=7~8 TeV, L=6x10%* em?s™, bunch spacing 50 ns » Dane
~20-25 fio!

Go to design energy, nominal luminosity (Phase-0)

Vs=13~14 TeV, L~1x10% em? s, bunch spacing 25 ns
~75-100 fb-!
Injector and LHC Phase-1 upgrade to tull design luminosity

 s=14 TeV, L~2x10* cm 5!, bunch spacing 25 ns Approved
300 fblat 14 TeV
HL-LHC Phase-II upgrade, IR, crab cavities
HL-LHC:
\s=14 TeV, L=5x10* cm2 5!, luminosity levelling 3000 fbt at 14 TeV

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013
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High Luminosity LHC:
the detectors upgrades

Both detectors are planning important upgrades to stand the
harsher running conditions at HL-LHC: pile-up, rates, radiation
damage

— Pile-up ™~ 4-5 times more pile-up then today

Plan: keep detector performance for main physics objects at the
same level as we have today

— Improved trigger system

— New tracking systems

— Improved forward detectors

CRUCIAL to profit of L increase

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013
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Signal o and Yields: HL/HE

0 g
10|

i
10F
10
10*
10
1F

g (nb)

10

10"

10° |

ot

10
10t

10t |
107 Bl

proton - (anti) proton cross sections

10

o (E" = =20}

r T

%

-3
E
r ’,

o (M,=125 GeV)

6, (% > 100 GaV)

r o, M, =125 GeV) J e
r _ 4 10
[ Ll L :I : L :: 107
04 1 10
Js (TaV

82>33TeV:gegHx9.2 14 > 33 TeV:ggH—> HH x5

300 fb133 TeV

3000 fb114 TeV

Process

ggH=>y 350k 123k
ggH—>4¢ 19k 6.7k
ttH =2y 42k 30k

ttH =2 44/up 0.2k/0.4k 0.16k/0.3k
ggH>HH=2bbyy 270 160

LHC upgrades give access to rare decays
Better signal Yields at HL-LHC
EUT Pile-up and 5/B better at HE-LHC

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013
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CMS: Couplings f at HL-LHC

— e
| Q@ Higgs Projections: 300(0) fb %

M3 Progection {Praiim. | CMS Projscton [Praim.)
Eupml:lndl.nmrmlnlsm — In-n'-. i m mlmm Enpu::lndmunlnlim — Inr-'- e e B
Higge boken coupings ks e T e 7 Higgs bosain couplngs e e e e S
% 300 fb! Ky ¢ | 3000 fb!

o @-15% || = (2 - 10)%
¥ ——— Ka
Kp K
%, —i Ky
w, i | Ky | —— 1
. L i i Pa— PR— P | i | _— M PR—
0.00 005 040 0.15 [iiv] n.as a0 0.15
axpacied uncertainky expected uncertainly
Mumbers in brackets are 9% uncertanties on ﬁiMmﬁu[m:hzlmu
300 [5,7) [+, 5] 6, 8] [1o,13] | [i4,15] 16, 8]
3000 (2, 5] [2,3] [3,5] [+, 7] [7,10] 12, 5]
Goal: ultimate precision of ~5% or better

CMS Projection
Assumption NO invisible/undetectable contribution to T'.;:
- Scenario 1: system./Theory err. unchanged w.r.t. current analysis (also unchanged)
- Scenario 2: systematics scaled by 1/sqrt(L), theory errors scaled by %2
v vy loop at 2-5% level
v down-type fermion couplings at 2-10% level
v" direct top coupling at 7-10% level

v’ ggloop at 3-5% level

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013



ATLAS: Coupling Ratios at HL-LHC

ATLAS Preliminary (Simulation)

/s =14 TeV: [Ldi=300 ib™' ; [Ldt=3000 fb"
JLdt=300 fo” extrapolated from 7+8 TeV

rz,r{m" "'J_'EE_' o

(T,IT, il

\_/

r./T,

0 02 04 06 08
ﬂ.{l"xfl"?} - qﬁ{ﬁxh:?}
T/Ty = KylKy

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013

Fit to coupling ratios:

— No assumption BSM contributions to I',

— Some theory systematics cancels in the ratios
Loop-induced Couplings vy and gg treated as
independent parameter

— /i tested at 2%

— ggloop (BSM) x/xc, at 7-12%

— 2"¢ generation ferm. « /i, at 8%

34




HL-LHC outlook

LHC 300 fh*at 14 TeV: HL-LHC 3000 fb*at 14 TeV:

*  Mass: <100 MeV (statistical)
: - *  Mass: << 50 MeV (statistical)
* Coupling x rel. precision

- LW,br 10-15% * Couplings « rel. precision*

- tu 3-2 o observation LW, b, t.t,n  2-10%
- Y and gg 5—11%

- yy and gg 2-5%

*Assuming sizeable (1/2) reduction of theory errors
- "QCD scale” go to Higher order QCD computation ?
- gg "PDF" from LHC data ?
Mass Measurement:
Several exp./theory challenges to reach 50 MeV (e/y/u calibration E-scale, Interference, FSR, ..)

Bruno Mansoulié (IRFU-CEA), Corfu, Sept 2013 35




