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Why Couplings?

Discovery of neutral, Higgs-like boson reported in - ' A
July 2012 primarily in ZZ, yy, and WW final states by R
the ATLAS and CMS experiments. Currently >>50
combined significance in each experiment.
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Nobel prize has been awarded.

m, [GeV]

BUT there are still some open questions:
* |sthe observed Higgs boson compatible with the one predicted by the SM?

e Can one detect BSM physics through Higgs properties measurements?

Need to measure its properties to positively identify it -> COUPLINGS



Outline

 How well do the properties of the new boson agree with the Standard
Model predictions?

- Production and decay strengths relative to SM prediction;
- Coupling Measurements: Fermion vs vector coupling;
Tests of custodial symmetry.

 (Can one detect BSM physics through Higgs properties measurements?

- Non-SM particles in production loops;
- Non-SM particles contributing to Higgs width.
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Higgs Boson Production/Decay
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Production processes:
gluon-gluon fusion (ggF: gg->H), vector-boson fusion
(VBF: qg’->qq’H), Higgs-strahlung (VH: qq’->WH/ZH).
Small contribution from production associated with a top-antitop pair (ttH: gg/qq’->ttH) =

Theor. unc. from 3% to 6%



Disentangle Production Modes

Production processes naturally fall into two groups
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Summary of Contributing Channels

Almost full luminosity recorded during LHC Run | (~5fb'@7TeV + ~20fb1@8TeV)
analysed in all channels for both experiments CMS and ATLAS

Higgs Subsequent Lumi7TeV | Lumi8Tev
Decay Decay 2011 (fb?) 2012 (fb?)

Higgs Subsequent | Lumi7 TeV | Lumi 8 Tev
Decay Decay 2011 (fb'l) | 2012 (fb'Y)
20.3

H->yy Untagged 5.1 19.6 H->yy ;
VBF-tag 5.1 19.6
VH-tag ; 19.6 H->zz* 4l 4.6 20.3
H->Zz* Al Ni<2 5.1 19.6 H->WW*  Ivlv 4.6 20.3
Nj>=2 5.1 19.6
H->WW* Ivlv 0/1jet 4.9 19.5 VH->Vbb  Z->wv 4.6 20.3
VBF-tag 4.9 12.2 s %7 —
VH-tag 4.9 19.5 2>l 4-7 202
bb VH-tag 5.0 12.1 H->Tt Tiep Tiep - 20.3
WH-tag 5.0 5.1 Tiep Thad - 20.3
Thad Thad - 20.3
H->Tt 0/1 jet 4.9 19.6
1jet 4.9 19.6
VBF-tag 4.9 19.6
ZH-tag 5.0 19.5

WH-tag 5.0 19.5



Tevatron Run Il : ~¥9.5fb1 @1.96TeV

CD F Luminosity = my range
Channel (fb~1 (GeV/c?)
WH — €vbb 2-jet channels 4 X (5b-tag categories) 945 90-150
WH — €vbb 3-jet channels 3 X (2b-tag categories) 945 90-150
7ZH — vibb (3b-tag categories) 945 90-150
ZH — €1 €~ bb 2-jet channels 2 X (4b-tag categories) H— bb 945 90-150
7ZH — €€~ bb 3-jet channels 2 X (4b-tag categories) 945 90-150
WH + ZH — jjbb (2b-tag categories) 945 100-150
[iH — WTbW bbb (4 jets, 5 jets, = 6 jets) X (5h-tag categories) 945 100-150
H — WTW~ 2 X (0jets) + 2 X (1jet) + 1 X (= 2jets) + 1 X (low-my) 9.7 110-200
H — WW™ (e-Thaa) + (1-Thaa) 9.7 130-200
WH — WWTW~ (same-sign leptons) + (trileptons) H—W'Ww~ 9.7 110-200
WH — WW*W™ (trileptons with 17,,) 9.7 130-200
ZH — ZW* W~ (trileptons with 1 jet, = 2 jets) 9.7 110-200
H — 77~ (1jet) + (= 2jets) H—71t1 6.0 100-150
H — yy 1 X (0jet) + 1 X (= 1jet) + 3 X (all jets) H—vyy 10.0 100-150
H — ZZ (four leptons) H— 77 9.7 120-200
| —_— |
DO Luminosity my range
[Channel (fb™h) (GeV/c?)
WH — ¢ Vbb: 2-jet channels 2 X (4b-tag categories) 9.7 90-150
WH — €vbb 3-jet channels 2 X (4b-tag categories) H— b 9.7 90-150
7ZH — vibb (2b-tag categories) 9.5 100-150
ZH — €7 €~ bb 2 X (2b-tag) X (4 lepton categories) 9.7 90-150
H — WHW~ — €< 00% v 2 X (Ojets, 1jet, = 2 jets) 9.7 115-200
H+ X — W"W~ — pu*vr v (37 categories) 7.3 115200
H — W W~ — €pjj 2 X (2b-tag categories) X (2 jets, 3 jets) He WHW- 9.7 100-200
VH — e~ pu™ + X 9.7 100-200
VH — €06+ X (npe,3 X epp) 9.7 100200
VH — €7jjjj 2 X (= 4jets) 9.7 100200
VH — Thad Thad i F X (37 categories) He rtrm 8.6 100-150
H + X — € 71y,4jj 2 X (37 categories) 9.7 105-150
H — yvy (4 categories) H— vy 9.6 100-150




Outline

How well do the properties of the new boson agree with the Standard
Model predictions?

- Production and decay strengths relative to SV prediction;
- Coupling Measurements: Fermion vs vector coupling;
Tests of custodial symmetry.

Can one detect BSM physics through Higgs properties measurements?
- Non-SM particles in production loops;
- Non-SM particles contributing to Higgs width.



Overall Signal Strength

* Single scale parameter for all production and decay combinations:

global signal strength p=o/a,.

* Determined with a profile likelihood ratio fit with a fixed mass hypothesis (m_ =125 GeV)

=1 SM Higgs signal, u=0 background-only hypothesis
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Signal Strength Production Modes

* Global strength does not provide information on relative contribution of
different production mechanisms.
» Data fitted separately for the ratio vector-boson-mediated processes (VBF+VH)

: . Hyvpreve
to gluon-mediated processes (ggF+ttH) to be model independent:
MggF+ttH
ATLAS:  jivBrsvi/ggrsan = 14703 (stat) *04 (sys). CMS: (1,1) SM within 68%CL for
. T ————————— each channel
g 10, standard Mogel N ATLAS Preliminary ] S udsciin ML ACULES R b V5=8ToV.L<1908
N2 8:— -] {0 B-7Tev [Ldt-4648" % i * .
;;g - 95% CL § {s=8TeV [Ldt=203fb" ] = [ .
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vy.ZZ" WW* 1t '8
l'lggF+ttH ggH.ttH

SM expectation consistent with measurements




Evidence for the VBF Production

Probe of electroweak production mechanism: independent measurement of the signal
strength of pr and y,,, ->ratio to gluon-mediated processes to be model independent.

< 2Apyrrprrrer I UL =
c = ATLAS Prellmmary 3 AT LAS.
o :(2)_ (5=7TeV [Ldt=46-48%" 3 .
18F- fs-8TeV fuat-203 " 3 Signal strength of the VBF processes extracted
16 = aye . .
14 .= 1255 GoV 3 by profiling (factor out) the contribution from
125 — combined 3 VH
10 ----SM expected = l,l
3 3 _IMVBF +0.5 +0.4
2— /— =14 04(Stat) (WS)
‘;_ AN T > /’lggF+ttH
I e M-r'ﬂ‘;fi\:—:\-—;-'.....l....l....lf . . ~
TOSTOTes e s T s Evidence of VBF production at 4.1@8evel.
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10<_3MSP:eimmry fs= 7TeV. Ls51]fb {' 8TaV, stem_ 1ci>MSPralm-mry == TTeV. L551:b F 8TeV. leDth
E of p'ggH Hoah p‘VH p‘m—l — Observed E _El g_p‘ggH Hog uVH uttH —Observed =
<a f —BpfosMH | < E ——-Exp.for SMH [3
& 8F ' 1 N & : € CMS:
7F N 3 ’
of E 6 3 Performed likelihood scans
5k = 55 ; 3
B E £ 3 onpygeand py,.
af E af" 3 Good agreement with SM
=\ E ﬁ‘ 1  Higgs boson expectation.
0 1 2 3 0 1 2 3
uVE!F u'VH
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Outline

How well do the properties of the new boson agree with the Standard
Model predictions?

- Production and decay strengths relative to SM prediction;
- Coupling Measurements: ~crmion ve vector coupling,
Tests of custodial symmetry.

Can one detect BSM physics through Higgs properties measurements?
- Non-SM particles in production loops;
- Non-SM particles contributing to Higgs width.
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Framework for Coupling Measurements

Signal strength mixes different production processes, production and decay tree- and
loop-level Higgs couplings -> it could obscure potential new physics.

Potential deviations from SM studied from couplings to fermions and vector bosons
(SM expectation: coupling scale factors = 1).

* Framework developed by LHCXSWG (arxiv:1307.1347), based on:
- Signal in different channels originated from single resonance;
- Lagrangian tensor structure is the same as SM (0+) I T

- Narrow Higgs width, which justifies zero-width approximation: ! -B(Gi—H — f)= IZ“ 1

H

* Coupling scale factors k. defined so that cross section o, and partial width T,
associated to SM particle i scale with k> compared to SM predictions

r, =k 272
. , kik;
Ff=k$1“?v' o-B(i—H — f)=0y,(i—H) By, (H— f) 12
H

O; =ki2(7iSM

e Total Higgs width can not be directly measured ->assumption need to be made to
perform fits on data (different benchmark under test)
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Benchmarks for Coupling Measurement

Strategy: Choose a model. More accurate with higher order corrections and
external constraints. Test small deviations from the SM prediction (k.=1).

e Universality of k’s for fermions and gauge bosons Y, k2 2 %
ke= ky= k=K ky= k=K ; 9@
* Scale factors of loop induced couplings (k,, k ) and the total width <&

Y w/z

k, treated effectively (allowing for possible additional particles to
test BSM physics) or expressed in terms of fundamental factors ky,,
k,, k. (to probe the SM compatibility);

* Photon vertex loop H! yy mediated by W and fermions (mainly

. . . rﬂﬂﬁ JWVWW‘
top) sensitive to relative sign between k,, and k. from the
interference k k.term! two minima, k, assumed positive -
J090999 i
g
Probed Parameters of Functional assumptions
couplings interest Kv | X | K | & | ka | Summary of benchmarks:
Couplings to fermions Ky, K —l =
pling Vs K VI NV I VIVIV k,=k,=k,
and bosons Ary, Kyy \/ \/ \/ \/ - k_=k.=k. =k
Custodial symmetry Awz, Arz, K7z : N N Frt mb Pt
Up-/down-type fermions s Mis Kuu vV | xexs | VI V| - kg_kg(kb' kt)
Leptons/Quarks Migs Avgs Kgq Vs | V| V] - kv=ky(kbl kt; ktl kw)
Vertex loops Ke, Ky =1 = - - | v kH=kH(ki)
+ H—inv./undet. decays Ke. Ky, BRi =1 =1 - - v 14




Outline

How well do the properties of the new boson agree with the Standard
Model predictions?

- Production and decay strengths relative to SM prediction;
- Coupling Measurements: Fermion vs vector coupling;
Tests of custodial symmetry.

Can one detect BSM physics through Higgs properties measurements?
- Non-SM particles in production loops;
- Non-SM particles contributing to Higgs width.

15



Fermion vs Boson Coupling (kk,)

Assumption:

ke= ko= ke= k. and ky= ky= k; ;

* only SM particles contribute to photon/gluon vertex loop. Any modification of coupling
factors propagated through the loop calculation ->k =k, (ky,k,) k =k, (kp,k,k;ky);
* only SM particles contribute to the width of the Higgs boson.
B e T e ST e - CMS Preliminary ‘(§=7TeV,L55A1tb"'E:STeV,Ls19.6fb'1 2 6_— Tevatron Run I, |_Img1ofb’1
4-  aATLAS Preliminary E]H:;Rlb F—-II:!::?N = e | ¢ SMHiggs @ Fermiophobic @ Bkg. only - ® Local maxima A sSMm
E §=7Tev[Ldt-46481" @ H — vy = Combined 3 2 - ; | Ml es%cC.L. | les%ClL.
3 E=8Tev Lt=203m" + SM x BestFit i 4t
= Lo } ; L I Az =1
PHom e N 1t N
= - - ?
FH o vl 7 - of
OE—H_)W —— _5 0:3 i
_1:_ ....... . --'_E C B i
C - e —ama= r I
2F 0 Hod4l ,”H-bb" Ar :
C UL (L PPN RN Dy |10 S r 4
06 07 08 09 1 11 12 13 14 15 16 i i s [
) I 0 0.5 1 1.5 2
v 0 05 1 y 15 Ky
ky = 1.15+0.08 I
- 0.99+0.17 ke C [0.71,1.11]@68%C.L. (Ky,Ke); = (1.05;-2.40)
F = IY .
015 k,C [0.81,0.97]@68%C.L (Ky,Ke), = (1.05; 2.30)

Best fit prefers positive couplings but also local minimum with negative value
compatible with SM predictions.

16




Fermion vs Boson Coupling Ratio (A,

No assumption on the total width -> no strong & o ATLAs Preiminay | s
: - - Z b B=7TeV,[Ldt=4648" " :
constraint the fermion coupling £ et L0 Observad :
e Coupling scale factor (model independent): - Combined Ko 17.ZZ" WW"zzbb ~— S&Ped
k +0.14 6'_ \/ E
Py k_ =0.86/;1 |- o | -
k k k _ +0.16 2:— -
vw T “910.15 I

k Ty 4

H R S T
* Negative curve due to sign ambiguity. e

since can be a sensitive probe of BSM ~ 10—y
<o = ATLAS Preliminary ey b K] =
< C \s=7TeV, [Ldt=46481H"  — Opeerved E
A kF _ O 85+0'23 o 85_ \s=8TeV, det: 13-20.7fb'  -- SM expected E
Fv — 5~ Y:O9Y%013 ' 7E E
ky 6F E
) 5E H! 1! free" E
* Coupling scale factor: A = k _1 904018 £
W T e41014 35 ]
k 2 3
= + 1 g
kVV 1.15x0.21 E . ‘L-\/“—'.’f l | L3
H 8.4 0.6 0.8 1 1.2 1.4 1.6 1.8




Outline

How well do the properties of the new boson agree with the Standard
Model predictions?

- Production and decay strengths relative to SM prediction;
- Coupling Measurements: Fermion vs vector coupling;
Tests of custodial symmetry.

Can one detect BSM physics through Higgs properties measurements?
- Non-SM particles in production loops;
- Non-SM particles contributing to Higgs width.
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Probing the Custodial Symmetry

Identical coupling scale factors for W and Z boson is required by the SU(2),
custodial symmetry proved by LEP measurements: k,,=k,.

CMS assumptions: k.=k,=k, =k_
ko=Kq(Kp k)
k, =K, (Kp, ke K ki)

Mg = kW / kz
Coupling scale factors (model independent): A_, =k_/k,
k,, =k k, /K,
50 CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L<19.6 fbo' . .
2 PO T T e e =s. Two analysis categories:
- 4.5__ ' E . .
NP ' ----Exp.for SMH | 1) only H->ZZ, WW in 0/1 jet
' 3'52 ; 3 * Ratio Ay=ky/k, model independent, production
E ] dominated by gg! H.
508 3 Account small VBF contribution! k, treated as
2.5 E nuisance parameter, k=1
2.0F =
= E Ay = [0.60,1.40] @95% CL
1 of © 2) All channels
0.5E * Assuming SM content in the gg loop and using VBF+VH
0'05,,”,,,[,],,““ N A T production, k; profiled

0.5 1 1.5 Mzz Ay, =[0.61,1.19] @95% CL
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Probing the Custodial Symmetry

ATLAS assumptions:
ke=k=k,=k,

- A, absorbs BSM effects in H! ggloop ———>

k=K, (ky,ke) and k =k, (ko ko ko k)

T 7 T T
10__ ATLAS Preliminary

N

S ]
< Pz ezkz] —
2 [ (5=7TeV,[Ldt=46-481" g
< - s = Observed
~  15=8TeV, [Ldt=203 1"

L Combined H— .ZZ* WW* ztbb SM expected

N
\
N
N
N

Awz = 0.941’8:53
Arz € [-0.91,-0.63] U [0.65,1.00]
kzz = 14170%).

k, =k.k, /k,
3 or 4 params. PR
; Wz T kW / kz
according to
. I, =k Ik,
assumption on
total width !y = ke Tk,
No assumption on the total width
T LT LA B RN B LA NN
2 4ol ATLAS Prelimina 1
E’ 10: {§=7Tev.det=rz.s-4.8fb" [xwz_)wxhz)\‘z)t"z)\’z’ “Z}E
S L f E=8TeV, [Ldt=2031b" Opsenved
L Combined H-> y7,2Z" WW* rcbb ~~ SMewedted
aF U —
2 b
ol 476 T8
hwz
ky, =1'5!+8:451
Allowing for !wy, =0.80=0.15
deviationsinH! YY /. =1.10+0.18
!y = 0-74:8:%

Measurements on A, in agreement between CMS and ATLAS experiments.
No deviation from SM expectation observed
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Probing up- and down-type Symmetry

Extensions of the SM contain different couplings of the Higgs boson to up-type and
down-type fermions (ex: Two-Higgs-Doublet Models as the MSSM).

Probed the ratio A, between down- and up-type fermions with unified vector boson
couplings k.

Assumptions: k,=k=k; 3 parameters: Aiw = k4 Tk,
— : =k, lk
ky=Kq(Kp,ky) (model independent) A =ky Tk,
k,=K, (Ko, K Ko, ki) K = kK, Ky
. CMs Prellmlnary [s=7TeV,L<51f" {s=8TeV,L<19610"
3 !"I'“‘I".".\“"I'“‘I""\“"I““I""A _150 ||||||||||| YT [TiITTTTTT [T T T TTTTTT ]
< {0 ATLAS Preliminary oy gurKud] | c : A‘du’ Kw Ky — Observed 3]
E [ 5=7TeV [lat-4past’ " ] S 45F .‘ g
& b {s=8TeV, [Ldt=2031b" - N N 4.0F “- ""EXPI forswn |
| Combined H— yy,ZZ* WW*tcbb  SMexpected i ' 2 ' ; .
| / \ | ‘ : 352— “| ," —:
[ 3.0F ' / =
_____________________________________________________________________ E 2.5¢ ' 5
i 2.0F | =
- 1.5F =
N NS 1.0F 3 /
0 2 050 E
A'dU E ||||||||| ||||||||:\] |f’|| el L E
0'00 0.5 1 1.5 2
iy € [-1.24.-081]U[0.78.1.15] My
At 68%CL vy = 121392 Constrained to be positive
K = 0~86f8.§}- )\du =[0.74,1.95] @95% CL
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Probing Quark and Lepton Symmetry

Probed the ratio A, between leptons and quarks with unified vector boson couplings k,,.

. Mg =K 7k,
Assumptions: k,=k,=k, 3 parameters: A =k, /K,
— . q
ko=Kq(Kp,ky) (model independent) . =kk /K
— = H
K, =k, (K Kk ki) q
~ L L I L L L L L B B B 5 OC.MIS ?'?Ti?a]ry[ JIE I=7|T]e\|l,]Ls[5].1fb" EI =8’TeV,Ls19.GIb"
(< — . . — - F 3 T T T T T 1T l:
A ?Erl:;i;/r,efuﬂp i oas ! Puatatad ] S 45 et jj = Opserved 5
& b Vs=8TeV, [Ldt=20.3 b T Oeened : N 400 LB rSMH
- Combined H—s yy,ZZ* WW*ttbb ~~ SMexpected _~ ' asf E
6 . 300 E
- % i 250 =
Y el St B e et — C ]
: : 2.0 3
oL \ , \ g N 1.5F -
N B R 1.0F -
0 ' R 0.5F N\ .
Mg € [-1.48,-0.99]U[0.99, 1.50] , LM
! 03 At 68%CL Constrained to be positive
Y A, =1[0.57,2.05] @95% CL
K — O.87+0'23. q
qq £-0.19

NB: no sensitivity to signal -> only conventional decision to plot positive one only for CMS



BSM physics through Higgs properties measurements



SM content in Higgs production loop (k, and k,);

Probing Beyond the SM Contribution

* H->yy and gg->H loop may potentially contain new particles -> release assumption of only

* New particles

states indistinguishable from background -> variation in I, parameterized with BR,

.« ky =1,k =1.

or may not contribute to I, via direct invisible decays or decays into final

Only SM particles contribute to I',

I
¥ 2.4 ATLAS

+ SM
22F §=7TeV, [Ldt=4.6-48 1" « Best fit 3
o 15=8TeV, [Ldt=203 1" —68%CL E
--.95% CL

1.8F
1.6F

ta- o7

1A e
E AN I
1= e N,

0.8
0.6F

REERES
Preliminary

£ Combined H— yy,2Z*,WW*,tt,0b

08 09

I A S ST I WA S S
1 11 12 13 14 15 16 17 18

@68%CL
k, =1.1970%
k=108

CMS Preliminary f3=7TeV,L<51%" {5=8TeV.L<106%"

1.8F
1.6F
1.4F
12F

1.0F""

0.6F
0.4F

02F

0.0briiies Liviiiiin, Liviniiin, Liviiiiii, ]

S ————

o 2.0 AOSEACUL SA LA OS] LA
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Conclusions

 fundamental properties of the discovered Higgs boson tested with LHC and Tevatron
data;

* compatibility of the measurements to the SM prediction tested under various
benchmark assumptions probing salient features of the coupling (couplings vs masses,
fermion universality...);

No significant deviation from the SM prediction is observed in any of the performed fits

ATLAS Preliminary Total uncertainty (s=7TeV,L<51b"' \s=8TeV,L<19.6fb"
m,=125.5 GeV + 10 + 26 e
— ; : CMS Preliminary ¥ 68% CL
Po10% KV:1,15333A__‘ L e [; « -:- == 95% CL
o e v : Tevatron
K=0.99" 15 i i ) 1o " '
Model k. i : £ o o _
Py, =10% _ gai0-14 : : H Pey = 037 2
20801z ESSSSEE ISR ; " my (GeV/c*) 125
Model:Ayg, Az, Xz : ; )\'W N e
Partel” o proa : z ' p.,, = 0.41
M 0945 i " q M R. (SM) 1.44 1059
oot ™™ e - Ay e fit “*7—-0.56
[1.24.081}.10.78.1.15] o i M. +yr— +0.85
b e | A - Ry(H— W™W7) 0.947¢3
[-1.48,0.99}{0.99,1.50] |-+t oo ——— 9 la Pg,, = 0-49 - +0.69
MoBeL ¥, ¥, : : i . .
Py9% Kg:1-08ig:g : : . ‘ Kg —*-: R‘IK(H_' bb) 1'59—072
M‘—ﬂ % ' +3.39
x,=1.19%13 i ’ K, ———— b =023 Re(H — yy) 5.975313
Model:x;, x,, B, : : H (S I
pytEn . : BR,, 2041 ’ + - +2.28
BR\,u:'O-1G.g§§2 i1 | 0} @eq;/eCL 1(2 BRBSMT-_ P, = 041 Rﬁt(H—' T T ) 1‘68—1.68
- - o b b b 1T
Vs=7TeV fLdt=46-481b" Parameter value 0 0.5 1 1.5 2 2.5

Vs=8TeV JLdt=203 b

Next steps:

e LHCRun I: ttH combined results expected for summer 2014;

 LHC Run-Il and HL-LHC: more statistics to improve the current measurement
(direct measurement on I, through interference measurements arxiv:1208.1533)
but also new channels (Top Yukawa direct measurement through ttH channel,
couplings to 2nd generation fermions, Higgs self-couplings) 25
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Statistical Procedure

Construct likelihood from Poisson probabilities with parameter of interest
(for ex: signal strength !')

L(data |Au,0) = Poisson(data | - s(@) + b(@)) X p(é | 0)

u : signal strength; 6: 'nuisance' parameters (efficiencies...)

Conditional maximum likelihood
Hypothesized value of ! is L(/@ﬂ)) estimate of a parameter for a
tested with a test statistic: g, =-2inA(u)=-2in| +— sren ree e en
Profile Likelihood Ratio Q)

Unconditional maximum likelihood
estimate of a parameter

Systematic uncertainties are included as nuisance parameters
constrained by chosen pdfs (Gaussian, log-normal, ...)

Combination amounts to taking product of likelihoods from different
channels: L(data|x,6)=11, L (data, | 1,0,

The choice of the parameter of interest depend on the test under
consideration, with the remaining parameters being profiled (set to
the values that maximise the likelihood for the given fixed values of
the parameters of interest)



Statistical Procedure

e Likelihood function constructed for each individual channel

systematics: nuisance .
7 cer (NP) constraint on NPs
parameter
\ /

L.(D.|v,6.) = Pois(n.|v.) H fe(we |6c) - ng,o(ap,alep,c)
e P \

\
estimated central value of 6,

expected evt #

e-=1
observed evt # observable

e Combination by taking product of the likelihood of individual
channels and correlating systematics, if necessary

individual likelihood excluding constraint not simple product of g,
L(Dlv, m\z]ﬂic(muc, ol [Tonaritn]
c p

* Hypothesis testing based on the profile likelihood ratio
L(p, é(#))e‘— conditional minimum for a given U

U: parameter of interest, e.g ) — A
« signal strength (L)) L(f,0) ~—F0u unconditional(global) minimum
* mass (my) and mass difference (Amy)

» coupling scale factors A;, Ki
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Formulae for Various Measurements

Likelihood for combined mass measurement: A
L , [ 1
A(mH) — (mH ? 'U”Y'Y (;TTLH ): 41 EmHA)7 O(mH))
L(mp, flyy, flar, 0)
Likelihood for consistency check of mass measurements:
L(Am , iy (Amp), fir(Amu), mig (Amp), §(Amp))

L(Amu, fiyy, frar, o, 0)
SM loop-induced processes:

. T
K2 — 2i; Kiki L (g9) ije {t, b} for rg
v(9) > F:?'y(gg) {t,b,l, W} for k,

SM total Higgs decay width:
K2 = Z k2 - BRgy (H — )

T

A(Ampyg) =

Expected event yield: |
P y n’élgnal Z HiO; SM X Azf X sz XHpf X Bf SM X L

— =i [y
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Fermions vs

Gauge Bosons

ATLAS Preliminary

Vs=7TeV: [Lat=46-481b"
Ys=8TeV: |Ldt=13-207 "

LINLINL B L L N L L L L L B B
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.
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.
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CMS: Couplings vs mass

the Higgs boson f Y

couplings are Ho--«(C Ag=me [V H--- g,=2mz/v
proportional to the f Y

masses of the particles Ac=Kem [V

gv =2 KV m\zl/ v
Perform fit to full CMS combination,

. . CMS Preliminary {s -=7TeV,L<56.1fb" {s=8TeV,L< 196"

resolving gluon and photon loops in T A A
terms of tree-level couplings Q  [|Tee%ct t

. 2 1k —95% CL /,'_:‘
Top coupling from ggF s F W#z/',i- ;
. . < . .
Redefine couplings with scale factors _
10'15— E
- b 'f' :
) :
102 } -

1 2 345 10 20 100 200

mass (GeV)



CMS: Summary

Tabk 3: Tests of the compatibility of the data with the SM Higgs boson couplings and the 95% CL inte rvals for evaluaked scaling factors
x;. The diffe ent compatibility ests discussed in the txt are separaked by horzontal lires When one of the scaling factors in a group is
evaluaked others are treaked as nuisance paramete rs. Scaling factors rot liste d explicitly in a group are talen to be unity.

Model parameters Assessed scaling factors Comment s
(68% and 95% CL inke rvals)
Awz Xz Awz [0.75,1.13] [060,140] | Ratio of couplirgs to W and Z; ZZ and WW(0/ ljet) charmels only
Awzs Xz, Xy Awz [0.73,1.00] [062,1.19] | Ratio of couplirgs to Wand Z
Xy, Xf Xy [0.8,097] [073,105] | Couplings to W/Z-bosons (V)
Xy [0.71,L11] [055,131] | Couplings to fmions(f)
Xy, Xg Xy [0.79,L14] [059,1.30] | Couplings to photons () and gluons (g)
Xg 0.73,094] [063,105] | (loop-induced couplings)
B(H — BSM), x4, xg B(H — BSM) [0.00,024 (190,0.!-52 Branching ratio for decays to BSM partides
Adw Xy, Xy Adu 1.00,L60] [074,195] [ Ratio of couplings to down and up-ty pe fermions
Atg: Xy, Xg Ag [0.%,162] [057205] | Ratio of couplings to leptors and quarks
Xy [0.84,1.23] [060,139] | Couplings to W/Z-bosons (V)
Xy [0.61,L69] [000,263] | Couplings to down-type quarks (b)
Xy, Xb, Xe, X, Xg, Xy Xe [0.82,1L45] [053,181] | Couplings to charged keptons(t)
Xy [0.00,203] [000,4.20] [ Couplings to top-ty pe quarks ()
Xg [0.65,1.15] [049,1.77] | Effective couplings to gluons (g)
X. [0.77,1.27] [(.55,1.55] | Effective couplings to photons (7y)
asabove + B(H — BSM), butxy <1 | B(H— BSM) [0.00,030] [000,0.64] | Branching ratio for decays to BSM particles

32




Overall experimental

Source (experimental)

Luminosity
Electron efficiency
Jet energy scale

Jet energy resolution

Source (theory)
QCD scale
PDFs + a;

Uncertainty (%)

+1.8 (2011), £3.6 (2012)
+2-5

+1-5

+2-40

Uncertainty (%)

+8 (ggF), £1 (VBF, VH), 13 (utH)

+8 (ggF, ttH), £4 (VBF, VH)

H->gamma gamma

Source Uncertainty (%)
On signal yield

Photon identification +2.4

Trigger +0.5

Isolation +1.0

Photon energy scale +0.25

ggF (theory), tight high-mass two-jet cat. +48

ggF (theory), loose high-mass two-jet cat. +28

ggF (theory), low-mass two-jet cat. +30

Impact of background modelling

On category population (migration)
Material modelling
pr modelling

Adyy jj, n* modelling in ggF
Jet energy scale and resolution

Underlying event two-jet cat.

miss
ET

On mass scale and resolution
Mass measurement
Signal mass resolution

+(2-14), cat.-dependent

—4 (unconv), +3.5 (conv)
+1 (low-pm),

F(9-12) (high-pr, jets),
+(2-4) (lepton, Ef™=)
+(9-12), £(6-8)
+(7-12) (jets),

F(0-1) (others)

+4 (high-mass tight),
+8 (high-mass loose),
+12 (low-mass)

+4 (E-’l'!‘iss category)

+0.6, cat-dependent
+(14-23), cat-dependent

H->ZZ

ATLAS: Uncertainties

MC generator

Process Generator
geF, VBF _ POWHEG [33,34] + PYTHIA
WH, ZH, ttH PYTHIA

H — 7Z7* — 4f decay

W +jets, Z/y* + jets

tt, tW, th

tgb

qq —> WW

gg— WW

qq—727*

gg—>177*

Wy +jets

Wy*.my, <7 GeV
WZ/Wy* mz;ye =7 GeV
qa/gg —>yy

PROPHECYA4f [35,36]

ALPGEN [37] + HERWIG [38],
POWHEG + PYTHIA, SHERPA [39]
MC@NLO [40] + HERWIG
AcerMC [41] + PYTHIAG6
POWHEG + PYTHIA6

gg2WW [42 43] + HERWIG
POWHEG [44] + PYTHIA
gg277 [43,45] + HERWIG
ALPGEN + HERWIG
MadGraph [46-48] + PYTHIAG
POWHEG + PYTHIA

SHERPA

H->WW

Source Uncertainty (%) Source Njer =0 Njer =1 Njer 22
Signal yield m 2u2e  2e2u  4de Theoretical uncertainties on total signal yield (%)
Muon reconstruction and identification +08 04 +04 - QCD scale for ggF, +13 B -
Electron reconstruction and identification - +87 24 194 QCD scale for ggF, +10 =27 -
QCD scale for ggF, Njet > 2 - -15 +4
Reducible background (inclusive analysis) +24 +10 +23 +13 QCD scale for ggF, Njet 2 3 - - +4
. . . Parton shower and underlying event +3 -10 +5
Migration between categories QCD scale (acceptance) +4 +4 43
ggF/VBF/VH contributions to VBF-like cat. +32/11/11
ZZ* contribution to VBF-like cat. +36 Experimental uncertainties on total signal yield (¥ )
geF[VBF/VH contributions to VH-like cat. +15/5/6 Jet energy scale and resolution 5 2 6
ZZ* contribution to VH-like cat. +30 Uncertainties on total background yield (%)
Mass measurement 4p 2u2e  2e2u  de Jet energy scale and resolution 2 3 7
Lepton energy and momentum scale +02 02 03 104 WW transfer factors (theory) *1 £ +4
b-tagging efficiency - +7 +2
frecoil efficiency +4 +2 -
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ATLAS: Uncertainties

Systematic uncertainties handled introducing nuisances parameters with
a pdf associated with the estimate of the correspondent systematic;
Nuisance parameters in particular instrumental uncertainties or
background estimates assessed from auxiliary measurements (control
region, sidebands...);

Pdf described by either a Gaussian or a log-normal distribution, to avoid
the truncation of a pdf bounded to a restricted range, or a gamma
function;

For nuisance parameters unconstrained by considerations or
measurements, pdf not known a priori (ex: theory uncertainties on cross
section or branching ratio) -> rectangular pdf can cause fit instabilities -
> theory systematic uncertainties with log-normal pdf;

Theoretical uncertainties on signal cross section and exclusive jet
multiplicity requirements relevant in coupling measurements;

Systematic uncertainties fully correlated across channels;

Theoretical uncertainties on branching ratio small compare to
experimental and on cross section ones;

Uncertainties on acceptance due to pdf and renormalization and
factorization scale choices included.
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* couplings to fermions and bosons
ecustodial symmeftry:

ATLAS: Benchmark Models

Several models can be tested:

—in the SM: @}J,=@})/ @Lx], extract @), from measured inclusive rates of
H' WW and H!' ZZ (including VBF and VH production)

production and decay loops (testing BSM heavy particles):
—couplings of the known particles to the Higgs have SM strength (k;=1)

—new particles can contribute to loop-induced
processes (scale factors ky and Kad
—new particles do not contribute fo the Higgs width

Table 10

Summary of the coupling benchmark models discussed in this Letter, where Ajj = ki/kj, kii = kiki/xy, and the functional dependence assumptions are: ky = kw =Kz,
KF =Kp =Kkp =Ky (and similarly for the other fermions), kg = kg(kp, kt), Ky =Ky (Kb, Kt, Ky, kw ), and Ky = kp (k;). The tick marks indicate which assumptions are made in
each case. The last column shows, as an example, the relative couplings involved in the gg — H — yy process, see Eq. (7), and their functional dependence in the various
benchmark models.

Model Probed Parameters of interest Functional assumptions Example: gg— H — yy
couplings Ky KF Kg Ky KH
T 7 7
1 L Couplings to fermions and bosons d L v v v v v "E 'K}f 2”’ m; )/ ('.(F'm./)
2 AFv, Kyy v Vv v v - Kyy * My - K5 (hpv, Apv, Apy, 1)
3 . AWZ, AFz, K - - k%, 3%, -k2(AFz,AF7,hFZ, )
| Custodial symmetry Wz, AFz, K27 Vv v v &z Agz 12,( FZ,MFZ.AFZ,AWZ)
4 MWz, Mz, hyZ, K21 - v v - - K7z X5z Mz
5 Vertex loops Kg, Ky =1 = - - J Kg K2 K (Kg, Ky)
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ATLAS: Summary

Table 2: Summary of the coupling benchmark models discussed in this note, where 4;; = x;/xj, ki =
K;k;/xy. and the functional dependence assumptions are: xy = Kw = Kz, K = Ky = K, = kK, (and
similarly for the other fermions), x; = Kg(Kb.Kt), Ky = Ky(xp,¥t, Ke,kw), and xg = xu(x;). The tick
marks indicate which assumptions are made in each case. The last column shows, as an example, the
relative couplings involved in the gg — H— yy process (see Appendix A for more details).

Section | Probed Parameters of Functional assumptions Example: g9 - H— yy
couplings interest Ky Kr Ko | K | Xy

5.2.1 Couplings to fermions Ky, Kp N N vIiv] vy K - K (kp, Ky )/ gy (K, Ky)

5.2.2 and bosons AEv, Kyy vV v Viv| - Ky - Apy - K ey, Apv, Ay, 1)

5.3 Custodial symmetry Awz, Arz, K7z - N V| V| - | 5z 2z 5 Qez, Aez. hiz, Awz)

54.1 Up-/down-type fermions Adus Mus Kuu Vo %k | V| V] - | %GR DG Raws 1 Aaus Ava)

542 Leptons/Quarks Aigs Mvgs Kgq Vs | V] V]| - K;;'q (1, 1, Aggs Avg)

55.1 Vertex loops Kgs Ky =1| = - -1V Ky - K/ K (Ke, Ky)

552 + H—inv./undet. decays Ke, Ky, BRi =1 = - - | W K - Ky /K (Kg. k) - (1 - BR; )

5.6.1 Generic models with and | wxw, Kz, K, Kp, K | - - vIiv] v xé(:;('::tble:;w)

— without assumptions on Az, g Moz Moz, - A

5.6.2 vertex loops and I'y Mgz, Mz Kez - - - - - Koz ° Az
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Probing the Custodial Symmetry (l)

. Tevatron Run II, L, =10 b
| e Local maxima A SM

" il s8>~ C.L. [ Jes% c.L.

— K; floating

Tevatron :

allow both k, and k, to vary independently
Ay =1.24+234 . @68% CL

.= tan}(1/Ay,,)

| Oz |=0.6870%1 41
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— T T0T I 1T | LI | LI LI I LI I LI I LI | L] | L=
rg - ATLAS —4— Data 2012 (sidebands)

0.25[— -1 Cd vy +vi+iv +ii ]
o B = = -
= - (s=8TeV JLdt 20.7 fb VBF m=125 GeV -
S B _ _
_t_!,“ 0.2 :_ —+- H_)YY REA 9gF m, =125 GeV _:
£ u _
- N I
E 015 ]
= N _
a’ — —
> = _
L -

0.05F ]

ok

BDT response

Fig. 1. Distribution of the VBF BDT response after applying the selection of the in-
clusive analysis and requiring in addition the presence of two jets with |An;;| > 2
and |n*| < 5. The data in the signal sidebands (ie. excluding the m,, region
120-130 GeV), the expected background, and the expected signal from VBF and
ggF production are shown. They are all normalised to unity except ggF, which is
normalised to the ratio between the numbers of ggF and VBF events passing the
selection described above.

High-mass two-jet category used to
select events produced through VBF
processes.
Two forward jets + little hadronic
activity in the central part of the
detector.
BDT output used to define two high-
mass two-jet categories:
- Tight BDT>=0.74

Loose 0.44<BDT<0.74
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Contributing Channels: ATLAS

Higgs Boson | Subsequent [ Ldt
Decay Decay Sub-Channels [fb-1]
2011 y5=7TeV
10 categories
- . . S 3
-y {pr ® 1, ® conversion} @ {2-jet VBF} y 1
H- 177" 4 {de,2e2u, 2u2e,4u, 2-jet VBF, (-tag} 46 3]
H- Ww (vly {ee, ept, e, ) ® 10-jet, 1-jet, 2-jet VBE} 46  [3]
Z-vw  Ep™e{120-160,160 - 200,> 200 GeV} @ {2-jet, 3-jet} 4.6
VH-Vbb | W ly p¥ € {< 30,50 - 100,100 - 150,150 - 200,> 200 GeV} 47  [§]
Z-{l p%€{< 50,50 - 100, 100 - 150,150 - 200, > 200 GeV} 4.7
2012 /s =8 TeV
14 categories: {pt¢ ® 1y ® conversion} &
H=yy B {loose, tight 2-jet VBF} @ {[-:ag, E™iss_ag, 2-jet VH] 203 Bl
H-77* 4 {de,2¢2u,2u2e, 4u,2-jet VBF, (-tag} 203 [3]
H—- WW* tvly {ee, ep, e, uu} ® {0-jet, 1-jet, 2-jet VBF} 203  [3]
Z— vy ET™ € {120 - 160, 160 — 200, > 200 GeV} ® {2-jet, 3-jet} ~ 20.3
VH — Vbb W ly p}v € {<90, 90-120, 120-160, 160-200, >200 GeV} ® {2-jet, 3-jet} 20.3  [5]
Z- p% € {<90, 90-120, 120-160, 160-200, >200 GeV} ® {2-jet, 3-jet} 20.3
TlepTlep {ee, ey, pu} ® {boosted, 2-jet VBF} 20.3
i TlepThad {e, ) ® {boosted, 2-jet VBF} 20.3 [6]
T i Thad {boosted, 2-jet VBF} 20.3
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Contributing Channels: CMS

Analyses No. of my Lumi (b T)
Hdecay | Prod.tag | Exclusive final states channels resolution 7TeV  8TeV
untagged [ 7y (@ diphoton classes) 4+4 1-2% 51 196
TY VBF-tag | 71y +(Jj) vee (two dijet classes for 8 TeV) 142 <1.5% 5.1 196
VH-tag | 7y + (e, , MET) 3 <15% 196
72 - Al z:: . > | e 4 22 2N 1% 51 196
0/ 1-ets | (DForSF dileptors) x (0 or 1jets) 4 +4 20% 4.9 195
WW = fufy | VBEtag | A& + (jj)yee (DF or SF dileptons for8 TeV) 142 0% 49 121
WH-tag | 383y (same-sign SF and otherw ise) 242 4.9 19.5
0/1-jet | (emy, pty, ep, up)x (low orhigh py) 16 +16 |
et | an 1 +1 15% 49 196
T VBF-tag | (et uth, e, i, k) + Ujj) vee 5+5 |
ZH'tag (ee, F}‘) X (?7« T €T KT ef‘) 8+8 5.0 195
WH-tag | %ui Bep enth, KT 4+4 B i
VH-tag | (vv, ee, gy, ev, pv with 2 b-jets) x (low or high pr(V) orlocse b-tag) | 10 +13 10% 50 121
bb Witae | € Withd, Sor>6jets) x ( or 24 b-tags), 6+6 50 51
8| with 6 jets with 2 b-tags); (£¢ with 2 or >3 b-tagged jets) 3+3 B B
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Generic models with and

Generic Models: ATLAS

Kw, Kz, K¢, Kp, K;

K (K )5 (K Ky K Ky )

. . K, (X Kz Ky Kz
without assumptlons on Y Y
WZ> A'tgs A‘sz 7> 2 2
vertex loops and I'yy - - N I Kz "Mz
Aoz, Mz, Koz
A'y. C |A|Tl.IAsI P| II I. T T I T T T I T T T I T T T I T i A; _l IAITL|A|s IP; Ili |- I T T I T T I T T I T T I T T I
< 10k reliminary Mgz 10 eliminary [ W W YO W Y
£ [ B=7Tev,[Ldt-46481" Pattalahghatal] < 100 {§=7TeV, [Ldt = 46-4.8 " e al ey
= L ) — Observed E < B i = Observed
o b 5=8TeV,[Ldt-203 1" E ~ o f5=8Tev, [Ldt=203 10" E
- Combined H-s yyZZ' WW*ttpp ~ SMexpected ] [ Combined H-s yy,ZZ' WW* stpb ~~ SMexpecied ]
8- \ . 6 \ - Mz = Ky/kz
4 . at . . Awz = Kw/kz
2 . 2 \ / -~ . Mz = Kp/Kz
[, 1 L] '.1..1.\1%1.4‘2’1..|..|...|' =
%6 16 004706 08 1 12 14 16 18 Az Kr/Kz
(a) (b) —
}\,tg - Kt/Kg
AB —l L I T IAI-I L l L I L I L I T l— ’\% 'l-l T I T I T I-l I LI I LI I LI I T I T I LI I T l—l.
< 10| ATLAS Preliminary W W W < 10 ATLAS Preliminary Py T N —_ .
Z [ B=7Tev,[Ldt-464810" Prathoal ahgha el £ L F=7Tev,|Ldt=4648M" hattoalahgh el KeZ Kg Kz/XH-
= - = Observed 4 - - = Observed E
o f5=8TeV, [Ldt=203 1" E o | f5=8TeV, [Ldt=203 " E
[ Combined H— yy,ZZ* WW* ttpb  SMexpected ] L Combined H-s yy,ZZ* WW*rt,pb ~ SMexpected i
o 1 4 :
i P [l
- vl earil | L. [ ol _./1 [P PP PP B
00 0.5 1 1.5 2 25 3 04 06 08 1 12 1.4 16 18 2
Moz Az 41
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