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Overview & Outline

The ATLAS and CMS collaborations have
inequivocally discovered a new particle with mass
126 GeV. The measurements of its properties will be
much of the physics program at LHC in the future.

Outline:

• Phenomenological framework for coupling
measurements

• Ingredients for the combination

• Compatibility tests:

◦ Signal strength◦ Custodial symmetry◦ BSM in loop-processes◦ ...

• Prospects for coupling measurements at the LHC

• Conclusions
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Coupling compatibility tests

Purpose: assess whether the couplings of the newly discovered ∼ 125 GeV
resonance are compatible with the SM and quantify deviations (if any).

Assumptions

• 1 single resonance

• SM Tensor Structure (JP = 0+)

• Zero-width approximation

σii × BR(ii → H → ff ) =
σii · Γff

ΓH

Introduce coupling scale factors ki to accomodate deviations from SM:

gi = g SM
i × ki ⇒

{
Γff = k2

f × ΓSM
ff

σii = k2
i × σSM

ii

SM Higgs boson ⇒ all k = 1 (and µ = 1)
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Framework to explore coupling structure

• Based on the recomendations from the LHC Higgs Cross Section
WG (arXiv:1209.0040)

• Dress cross sections and decay widths with scale factors ki :

◦ SM Tree-level amplitude → trivial coupling
ex.: ΓZZ = k2

Z × ΓSM
ZZ

◦ SM Loop-level amplitude → decompose loops
into trivial coupling
ex.: Γγγ ∝ k2

γ(kW , kt)× ΓSM
γγ

• Test BSM contributions in loops leaving kg , kγ as independent
parameters or introducing ΓBSM :

ΓTOT =
∑

Γii + ΓBSM

• Several benchmark parameterization used, motivated by BSM
scenarios
4



Ingredients for the combination

5 decay channels: γγ,ZZ (∗),WW (∗), ττ, bb

H decay production tags

γγ
untagged
VBF-tag
VH-tag

ZZ → 4`
Njet < 2
Njet ≥ 2

WW → `ν`ν
Njet < 2
VBF-tag
WH-tag

ττ

Njet < 2
VBF-tag
WH-tag
ZH-tag

bb
VH-tag
ttH-tag

Parameter fits take as input the measured
mass in the γγ and ZZ (∗) channels:

mH = 125.7±0.3(stat.)±0.3(syst.)GeV
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Signal strength

Different sub-combinations:

By channel

SMσ/σBest fit 
-4 -2 0 2 4

 ZZ (2 jets)→H 

 ZZ (0/1 jet)→H 

 (VH tag)ττ →H 

 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 

 WW (VH tag)→H 

 WW (VBF tag)→H 

 WW (0/1 jet)→H 

 (VH tag)γγ →H 

 (VBF tag)γγ →H 

 (untagged)γγ →H 

 bb (ttH tag)→H 

 bb (VH tag)→H 
 0.14± = 0.80 µ       

Combined

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary
 = 0.94

SM
p

 = 125.7 GeVH m

By decay

SMσ/σBest fit 
0 0.5 1 1.5 2 2.5

 0.28± = 0.92 µ       
 ZZ→H 

 0.20± = 0.68 µ       
 WW→H 

 0.27± = 0.77 µ       
γγ →H 

 0.41± = 1.10 µ       
ττ →H 

 0.62± = 1.15 µ       
 bb→H 

 0.14± = 0.80 µ       
Combined

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary
 = 0.65

SM
p

 = 125.7 GeVH m

By production

No significant deviation from SM (µ = 1) neither from the overall
combination fit:

µ = 0.80 ± 0.14
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Custodial symmetry

SU(2)L+R symmetry in the Higgs sector protects the ratio gW /gZ from large radiative

corrections. Two different approaches to test the compatibility with SM through

λWZ = kW /kZ :
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 VV (0/1 jet)→H 

fκ, Zκ, WZλ

• from inclusive H → ZZ (∗) and untagged

H → WW (∗): (nearly) model independent

• kZ profiled, λWZ scanned, (kf = 1)

• λWZ ∈ [0.60, 1.40] @ 95% CL
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fκ, Zκ, WZλ

• from combination of all channels: model dependent

• kZ and kf profiled, λWZ scanned

• λWZ ∈ [0.62, 1.19] @ 95% CL

λWZ = 1 in the following
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Couplings to fermions and vector bosons

Coupling to Higgs field has different origin in bosons and fermions ⇒
introduce kV , kf

Γγγ scales as |αkV + βkf |2 ⇒ sensitive to relative sign of parameters
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fκ, Vκ

• kV ∈ [0.74, 1.06] @ 95% CL (kf = 1)

• kf ∈ [0.61, 1.33] @ 95% CL (kV = 1)
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Asymmetry in fermion couplings

In 2HDMs Higgs couplings to fermions can be modified:

• split up-type and down-type fermions (MSSM): fit to λdu = kd/ku

• split leptons and quarks: fit to λlq = kl/kq

Up-down fermion asymmetry

duλ
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Vκ, uκ, duλ

kV and ku profiled, λdu scanned:

λdu ∈ [0.74, 1.95] @ 95% CL

Lepton-quark asymmetry
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Vκ, qκ, lqλ

kV and kq profiled, λlq scanned:

λlq ∈ [0.57, 2.05] @ 95% CL
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BSM in loops

BSM can appear as additional contributions in
loop-processes (gg → H, H → γγ) even if Higgs
sector remains unaltered ⇒ fit data to kg , kγ
with all other ki = 1

Best fit: (kγ , kg ) = (0.97, 0.83)

kγ ∈ [0.59, 1.30] @ 95% CL
kg ∈ [0.63, 1.05] @ 95% CL

Fit directly BSM contributions to the total
width: BRBSM = ΓBSM/Γtot

BRBSM < 0.52 @ 95% CL
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C6 benchmark model

parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

BSMBR

γκ

gκ

tκ

τκ

bκ

Vκ

 = 0.78  
SM

p

 = 0.88  
SM

p

68% CL
95% CL

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary

 1 ]≤ Vκ[ 

68% CL
95% CL

Proposed
by LHCHXS WG, 6 independent
parameters: (kV , kt , kb, kτ , kg , kγ).

• for each k, 95% CL interval contains
unity ⇒ no significant deviation from SM

• goodness-of-fit:
asymptotic p − value pSM = 0.79
(with pseudo-experiments pSM = 0.65)

Extended to include BSM contributions
via BRBSM (with kV 6 1 constraint)

Profiling all other
parameters: BRBSM < 0.64 @ 95% CL
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LHC roadmap

LHC
• Luminosity peak:

1− 2× 1034 cm−2s−1

• Integrated luminosity: 300 fb−1

• < PU >∼ 50− 100

HL-LHC
• Luminosity peak: 5× 1034 cm−2s−1

• Integrated luminosity: 3000 fb−1

• < PU >∼ 140

Big challenge for ATLAS and CMS phase II upgrade: radiation
damage, pile-up, trigger system...
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Projections of the signal strength measurements (CMS only)

Projections of Higgs coupling measurements with 2 different scenarios on
systematic uncertainties:

• Scenario 1: same as now (conservative)

• Scenario 2: theory error halved, rest scaling with 1/
√
L (optimistic)

L = 300 fb−1

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson signal strength

expected uncertainty

γ γ →H 

 WW→H 

 ZZ→H 

 bb→H 

τ τ →H 

 = 14 TeV Scenario 1s at  -1300 fb

 = 14 TeV Scenario 2s at  -1300 fb

L = 3000 fb−1

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson signal strength

expected uncertainty

γ γ →H 

 WW→H 

 ZZ→H 

 bb→H 

τ τ →H 

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV Scenario 2s at  -13000 fb

L (fb−1) H → γγ H →WW H → ZZ H → bb H → ττ H → Zγ H → inv.

300 [6,12] [6,11] [7,11] [11,14] [8,14] [62,62] [17,28]

3000 [4,8] [4,7] [4,7] [5,7] [5,8] [20,24] [6,17]
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Projections of Higgs coupling measurements (CMS only)

L = 300 fb−1

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -1300 fb

 = 14 TeV Scenario 2s at  -1300 fb

L = 3000 fb−1

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV Scenario 2s at  -13000 fb

L (fb−1) kγ kW kZ kg kb kt kτ kZγ BRinv

300 [5,7] [4,6] [4,6] [6,8] [10,13] [14,15] [6,8] [41,41] [14,18]

3000 [2,5] [2,5] [2,4] [3,5] [4,7] [7,10] [2,5] [10,12] [7,11]

HL-LHC provides an excellent opportunity for Higgs coupling measurements:

• coupling precision down to 2-10 % precision

• measurement of trilinear Higgs self-coupling via double-Higgs production
(preliminary study)
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Effect of theory uncertanties on the couplings

Higgs XS and BR affected by QCD scale, PDF and αS uncertainties.

This effect has been studied by removing them in the projections

L = 3000 fb−1

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV Scenario 2s at  -13000 fb

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV No Theory Unc.s at  -13000 fb

Accuracy limited by theory uncertainty in some channels (same for precision
physics and new physics searches).

PDFs have a crucial role → possible improvements:

• theory calculations (EW effects, heavy quarks, ...)

• methodological framework (parameterization, fit, ...)

• experimental data (LHC, LHeC, ...)
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Summary & Conclusions

• Couplings of the recently discovered Higgs-like
boson have been studied in CMS

• Phenomenological framework used (LHCXSWG):
look for deviation from properties predicted by SM

• Effective couplings (ki ) introduced for different
particles

• All couplings have been found to be compatible
with SM

• Upper limits have been set on BSM contributions
to Higgs width

It really looks like a Higgs boson!

mass (GeV)
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(g
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68% CL

95% CL

CMS Preliminary -1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

• Potential of Higgs coupling measurement has been studied in the context of
HL-LHC

• Possibility to reach < 10% precision in the most sensitive channels

Exciting times ahead for Higgs physics!
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Backup slides
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Channels in the combination
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Mass measurement

Use only channels with excellent mass resolution (γγ, ZZ (∗))
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mX = 125.7 ± 0.3(stat.) ± 0.3(syst.)

(statistical uncertanty assessed by setting all the nuisance parameters to their best

fit value)
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Test statistic for parameter extraction

Model parameters (a) are obtained with a scan of the profile
likelihood ratio

q(a) = −2ln
L(obs | s(a) + b, θ̂a)

L(obs | s(â) + b, θ̂)

• s(a) is the number of signal events expected (eventually scaled by
signal strength modifier µ)

• b is the number of background events expected

• â and θ̂ maximes the likelihood globally

• θ̂a maximes the likelihood with fixed a (conditional ML estimators)
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Signal strength by production mechanism

Signal strength modifiers can be grouped
into fermion and boson induced
processes: µggH,ttH , µVBF ,VH .
Scan has been done separately for each
decay mode not to make assumptions on
relative branching fractions.
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Separate scan for gluon fusion, VBF and VH:
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Summary of couplings fit in benchmark models

parameter value
0 0.5 1 1.5 2 2.5

BSMBR

γκ

gκ

lqλ

duλ

WZλ

fκ

Vκ

 = 0.37  
SM

p

 = 0.41  
SM

p

 = 0.39  
SM

p

 = 0.49  
SM

p

 = 0.23  
SM

p

 = 0.41  
SM

p

68% CL
95% CL

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary 68% CL
95% CL

Summary of the best fit and CL intervals for
the parameters tested in the benchmark
models.
Asymptotic p − value for the SM Higgs
hypothesis is also given.
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Trilinear Higgs self-coupling and double Higgs production

Trilinear Higgs self-coupling λHHH can
be studied with the double Higgs
production process. Higher order QCD
corrections included with K-factors (J.
Baglio et al. arXiv:1212.5581).
Challenging channel:
σ(pp → HH) ∼ 10−3σ(pp → H)

The sensitivity for the different
production modes has been studied as
well as the most promising final
states: bbγγ and bbττ could be
sensitive to λHHH with O(ab−1)
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Status of theory uncertainties

For a 125 GeV SM Higgs boson: ΓH = 4.07MeV (4% unc.)

Process Cross section [pb] at
√

s = 8TeV Uncertainty
gluon-gluon fusion 19.27 14.7%

vector boson fusion 1.578 3%

WH 0.7046 3.3%

ZH 0.4153 5.6%

ttH 0.1293 17.4%

Decay Branching fraction [%] Uncertainty
bb 57.7 3.3%

ττ 6.32 5.7%

cc 2.91 12.2%

µµ 0.022 6.0%

WW 21.5 4.3%

gg 8.57 10.2%

ZZ 2.64 4.3%

γγ 0.23 5.0%

Zγ 0.15 9.0%
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