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Discovery of a Higgs-like boson (July 2012)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-12-028/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/


Higgs boson production modes

ggF
VBF VH ttH
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Other production mechanisms

bb̄H, gg → ZH (box) and single-top+Higgs
contributions not targetted by specific

categories, but implemented in the fit model
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Higgs boson decay channels
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SM Branching ratios at
mH = 125.09± 0.24 GeV

Decay channel Branching ratio [%]

H → bb 57.5± 1.9

H →WW 21.6± 0.9

H → gg 8.56± 0.86

H → ττ 6.30± 0.36

H → cc 2.90± 0.35

H → ZZ 2.67± 0.11

H → γγ 0.228± 0.011

H → Zγ 0.155± 0.014

H → µµ 0.022± 0.001

BR(VV ∗) vary by ≈ 2% in 1 σ(mH )

No analysis dedicated to
H → cc̄ or H → gg (very low S

B )

Both production & decay depend on mH → measure mH first and every
other property will be measured at this mass
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Individual combination by each collaboration

Each experiment already published its combination, with different inputs
Results from 7 TeV (5 fb−1) + 8 TeV (20 fb−1) datasets from 2011-2012

Eur. Phys. J. C 75 (2015) 212
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-009/index.html
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/


ATLAS-CMS Combined mH measurement (link)

Measured in γγ and 4l channels
(best mass resolution)
mH = 125.09± 0.21(stat)
±0.11(syst) GeV

Neglects interference between gg → γγ

and gg → H → γγ :
∆mγγ

H = −35± 9 MeV (ATLAS)
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http://inspirehep.net/record/1393544
http://cds.cern.ch/record/2146427


Inputs to the ATLAS-CMS couplings combination

Most of the analyses split
datasets into categories

Different S
B and background

uncertainties
Increases discovery sensitivity
Provides sensitivity to different
production modes

≈ 600 categories total
Each can receive contributions
from different processes
Each can bring information
about different couplings

Many categories target specific production and
decay processes

ggF VBF VH tt̄H
H → γγ 3 3 3 3

H → ZZ∗ → 4l 3 3 3 3
H → WW ∗ → 2l2ν 3 3 3 3

H → ττ 3 3 3 3

H → bb̄ 7 7 3 3
H → µµ 3 3 7 7

S
B too low in gg → H → bb̄

VBF H → bb̄ (CMS) not combined
Signal yield too low in VH and tt̄H, H → µµ

H → µµ used only in one model

Assume SM tensor structure (→ SM kinematics)
and Narrow Width Approximation (σ(i → H → f ) = σi

Γf
Γtot

)
See talks by K. Whalen (differential XS), A.-M. Magnan (spin/CP)
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Inputs to the ATLAS-CMS couplings combination

Every analysis extracts the signal yield :
ns = L

∑
i
∑

f (σiAf ,SM
i εf ,SM

i BR f ) = L
∑

i
∑

f (µiσ
SM
i Af ,SM

i εf ,SM
i µf BR f

SM)
with L the luminosity, ε efficiencies, A the detector acceptance and µi , µf are signal strengths
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Statistical procedure

Test-statistic definition

Use profile log-likelihood ratio tα = −2 ln
L(~α;

ˆ̂
~θ(~α))

L(~̂α; ~̂θ)
~α represents the parameters of interest (POI)
~θ are nuisance parameters (NP), representing systematic uncertainties
~̂α, ~̂θ are the values of the POI and NP that maximise L
ˆ̂
~θ(~α) is the value of the NP that maximise L for a given ~α

Assume the large-sample limit to be valid (f (tα) = χ2(n. dof ))

Full combination uses ≈ 4200 nuisance parameters

Many nuisance parameters correspond to Monte Carlo Statistical Uncertainty

Correlation scheme
Theory uncertainties correlated between the two experiments (e.g. QCD scales, PDF)
Most experimental uncertainties are uncorrelated (except part of the luminosity)
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Production signal-strength by decay channel

Good agreement between all the decay channels for the measurement
of µggF+ttH vs µVBF+VH (µdecay

prod =
σprod

σSM
prod

BRdecay

BRdecay
SM

)
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Following results based on higher-dimensional versions (4 µ) of this plot
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Significances of the various channels

Quantifies probability for the current observation under hypothesis there is
no signal in a given production/decay channel

Production process Measured significance (σ) Expected significance (σ)
V BF 5.4 4.7
WH 2.4 2.7
ZH 2.3 2.9
V H 3.5 4.2
ttH 4.4 2.0
Decay channel
H → ττ 5.5 5.0
H → bb 2.6 3.7

Observation of VBF production, H → ττ decay channels

Evidence for VH and tt̄H production modes
(see tt̄H talk by V. Kostyukhin)
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Ratio of cross-sections and branching fractions

Use ratios of µf (µi) (= ratios of BR (σ)) for more general parametrization
σ(i → H → f ) = σ(gg → H → ZZ ∗)× ( BRf

BRZZ∗
)× ( σi
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The κ-framework

Leading-order inspired framework to study couplings developed by the
LHC Higgs Cross Section WG

∝ κZκb
κH

Each coupling scaled by κ, gives :
κ2i = σi/σ

SM
i ; κ2f = BRf /BRSM

f

Loops (ggF, H → γγ) either expressed with κg ,
κγ or broken down into fundamental κs

VBF depends on both κZ and κW

Width also modified by κ2H =
∑

j BRSM
j κ2j , or to accomodate for new (or

enhanced un-measured) decay channel ΓH = κ2H ΓSM
H

1−BRBSM

Sign of some κs unconstrained, e.g. sensitivity to sign of κF × κV through
interference terms (single-top+Higgs, gg → ZH, h→ γγ)
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Ratios of couplings modifiers

Conversion of ratios of µs into κ-framework using λij = κi
κj

Only assumption on ΓH : NWA
κgZ = κgκZ/κH

Then all the other κi ,j
can be determined

tgλ

)
tgλ(

Λ
-2

 ln
 

0

1

2

3

4

5

6

7

8

9

10

3− 2− 1− 0 1 2 3

ATLAS andCMS
LHC Run 1
Preliminary

SM expected
Observed
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Results for couplings modifiers (no BSM loops or decays)

Here H → µµ is combined too
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Boson-fermion and custodial symmetry

Vκ
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SM Higgs couplings to fermions
and boson very different
(Yukawa vs Dµ) → κV vs κF

κF , κV in agreement with SM
(κF × κV < 0 excluded at almost 5σ)

Custodial symmetry : same
couplings deviation for W & Z
bosons, well tested by EWPM
→ λWZ = κZ

κW

Good agreement with λWZ = 1
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up-down and lepton-quark symmetries

u-type & d-type quarks may
couple to different fields → test
potential variations of λud

Charged leptons have same
couplings as d quarks for λud

duλ
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σ 1±Observed 

Also test the variation of
coupling to leptons vs quarks λlq

All ratios compatible with 1

C. Becot (NYU) Higgs couplings (ATLAS+CMS) SM@LHC 2016 - May 3, 2016 17 / 26



Couplings with BSM in loops/new decays

gg → H and H → γγ
loop-induced : sensitive to NP

(even above mH)
ΓH = κ2

H ΓSM
H

1−BRBSM

γκ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

gκ
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ATLAS and CMS
LHC Run 1
Preliminary

ATLAS
CMS
ATLAS+CMS

SM 68% CL
Best fit 95% CL

2 scenarios to break degeneracy
Probe new decay channels,
impose κV < 1 (N-HDM) →
BRBSM < 0.34 95%C.L. (left)
Impose BRBSM = 0 (up, p0 = 11%)
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Conclusion

ATLAS+CMS combination gives the most accurate
picture of the Higgs sector

Mass measured at 0.2% level : mH = 125.09± 0.24 GeV

VBF Higgs Production mechanism and H → ττ observed (5σ)
Evidence for VH and ttH

Various parametrizations have been tried and were all found in
agreement with SM (worst p-value of 11%)

Still lot of room for surprises in Run 2, thanks to the coming improved
precision (increased statistics and predictions)
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BACKUP

BACKUP
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Measurement of signal strength (µ)

Reminder : µi = σobs
i

σSM
i

and µf = BRobs
f

BRSM
f

Set all µi = 1 to measure µf

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS

ATLAS+CMS

σ 1±

Set all µf = 1 to measure µi

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggF
µ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±
σ 2±

µ = 1.09± 0.07(stat.)± 0.05(exp.)± 0.03(th.bkg .)± 0.07(th.sig .)
Theory uncertainties can be improved (Talks by P. Nadolsky (PDFs), E. Furlan (XS & BR))
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µ vs mH and separate mH measurement
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Uncertainties for mH measurement

Dominated by statistical uncertainty

0 0.05 0.1

ATLAS
Observed
Expected

combined result
Uncertainty in ATLAS

0 0.05 0.1

 [GeV]Hmδ

CMS
Observed
Expected

combined result
Uncertainty in CMS

0 0.02 0.04 0.06

Combined
Observed
Expected

combined result
Uncertainty in LHC

Theory uncertainties

Additional experimental
systematic uncertainties

Integrated luminosity

 background modelingγγ →H ATLAS 

Muon momentum scale & resolution

CMS electron energy scale & resolution

 calibration ee→Z 

 vertex & conversionγγ →H ATLAS 
reconstruction

Photon energy resolution

ECAL lateral shower shape

ECAL longitudinal response

Material in front of ECAL

ATLAS ECAL non-linearity /
  photon non-linearityCMS 

CMS and ATLAS
 Run 1LHC

Main systematics uncertainties linked to
photon energy-scale (especially non-linearities)
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p-value of the Standard-Model within the various
parametrisations

Model p-value DoF Parameters

Global signal strength 34% 1 µ

Production processes 24% 5 µggF, µVBF, µWH , µZH , µttH

Decay modes 60% 5 µγγ , µZZ , µWW , µττ , µbb̄

µV and µF per decay 88% 10 µγγV , µZZV , µWW
V , µττV , µbb̄V , µ

γγ
F , µZZF , µWW

F , µττF , µbb̄F

µV /µF ratio 72% 6 µV /µF , µ
γγ
F , µZZF , µWW

F , µττF , µbb̄F

Ratios of σ and BR relative 16% 9 σ(gg → H → ZZ), σVBF/σggF, σWH/σggF,

to σ(gg → H → ZZ) σZH/σggF, σttH/σggF, BR
WW /BRZZ ,

BRγγ/BRZZ , BRττ/BRZZ , BRbb̄/BRZZ

Ratios of σ and BR relative 16% 9 σ(gg → H →WW ), σVBF/σggF, σWH/σggF,

to σ(gg → H →WW ) σZH/σggF, σttH/σggF, BR
ZZ/BRWW , BRγγ/BRWW ,

BRττ/BRWW , BRbb̄/BRWW

Coupling ratios 13% 7 κgZ , λZg, λtg, λWZ , λγZ , λτZ , λbZ

Couplings, SM loops 65% 6 κZ , κW , κt, κτ , κb, κµ

Couplings, BSM loops 11% 7 κZ , κW , κt, κτ , κb, κg, κγ

BSM loops only 82% 2 κg, κγ

Up vs down couplings 67% 3 λdu, λV u, κuu

Lepton vs quark couplings 78% 3 λlq, λV q, κqq

Fermion and vector couplings 59% 2 κV , κF
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Expression of σs, BRs with κ

Production Loops Interference Multiplicative factor
σ(ggF) X b− t κ2g ∼ 1.06 · κ2t + 0.01 · κ2b − 0.07 · κtκb
σ(V BF) – – ∼ 0.74 · κ2W + 0.26 · κ2Z
σ(WH) – – ∼ κ2W
σ(qq/qg → ZH) – – ∼ κ2Z
σ(gg → ZH) X Z − t ∼ 2.27 · κ2Z + 0.37 · κ2t − 1.64 · κZκt
σ(ttH) – – ∼ κ2t
σ(gb→WtH) – W − t ∼ 1.84 · κ2t + 1.57 · κ2W − 2.41 · κtκW
σ(qb→ tHq) – W − t ∼ 3.4 · κ2t + 3.56 · κ2W − 5.96 · κtκW
σ(bbH) – – ∼ κ2b
Partial decay width
ΓZZ – – ∼ κ2Z
ΓWW – – ∼ κ2W
Γγγ X W − t κ2 ∼ 1.59 · κ2W + 0.07 · κ2t − 0.66 · κWκt
Γττ – – ∼ κ2τ
Γbb – – ∼ κ2b
Γµµ – – ∼ κ2µ
Total width for BRBSM = 0

0.57 · κ2b + 0.22 · κ2W + 0.09 · κ2g+
ΓH X – κ2H ∼ + 0.06 · κ2 + 0.03 · κ2Z + 0.03 · κ2c+

+ 0.0023 · κ2 + 0.0016 · κ2Z+
+ 0.0001 · κ2s + 0.00022 · κ2
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Scan of −2 lnλ(BRBSM)
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Confidence interval of κF vs κV (full range)
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