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Motivation
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we discovered a new particle at low mass

what can we say more on this new boson?

many handles to investigate its nature 

*

*

*

*

mass measurement (mass is the only free parameter in the SM)

observed yield (signal strength measurements)

probe Higgs couplings

spin-parity (determine JPC state)
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ATLAS-CONF-2013-034

following results are based on full 2011+2012 
dataset (20.7 fb-1 at 8 TeV, 4.8 fb-1 at 7 TeV)

for H→γγ, H→WW, H→ZZ→4ℓ 
(still 10 fb-1 at 8 TeV to be analyzed for other channels)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-170/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-170/
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Mass measurement
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mH

if it’s the SM Higgs boson, its mass mH is the (only) free parameter of the theory

* measurement dominated by high-resolution channels

[H→γγ]

[H→ZZ*→4ℓ]

signature: peak in mγγ distribution

combination of 14 categories (S/B ~ 0.01÷0.6, ~355 signal events at 8 TeV)

main systematics from photon energy scale uncertainty

* using full 2011+2012 pp dataset (20.7 fb-1 at 8 TeV, 4.6÷4.8 fb-1 at 7 TeV)

signature: peak in m4ℓ distribution

4 final states; lower signal yield but high purity (S/B~1.4, ~27 signal events)

measure dominated by muon channels (σ(m4µ) ~ 1.6 GeV, σ(m4e) ~ 2.4 GeV) 

mass is extracted from profile likelihood fit to data
combine together individual channels, test their compatibility
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Results
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mH
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=0Hm6

γγ: 126.8±0.2(stat)±0.7(sys) GeV

4ℓ: 124.3+0.6-0.5(stat)+0.5-0.3(sys) GeV

combined: 125.5±0.2(stat)+0.5-0.6(sys) GeV

➲ main correlation from e/γ energy scale systematics
➲ individual measurements compatible at 1.5% (2.4σ) level

profile likelihood scan vs mH 2D scan vs mH(4ℓ), mH(γγ)
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Signal strength
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µ

once mH is measured, SM cross sections are uniquely determined

* we can test the agreement with SM measuring deviations from predicted yields

* assume mH = 125.5 GeV and define a signal strength µ such as

Ntot = µ⋅Nsig + Nbkg (Ntot > 0)

* combine measurements from all decay channels
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µ = 1.30±0.13(stat)±0.14(sys)
9% agreement with SM (µ=1)

result is stable within ~4% for ±1 GeV variations of assumed mH
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Production processes
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µ

different decay channels have contributions from common production modes  

e.g.: VBF production accounts for 7% of the total H→ZZ→4ℓ and H→γγ cross-sections

we can separate them passing from a single µ to µggF+ttH and µVBF+VH

* in the SM, µggF+ttH scales with top Yukawa coupling 

* in the SM, µVBF+VH scales with WH/ZH couplings
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2D likelihood contour
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µVBF+VH/µggF+ttH
ratio is 1.2+0.7-0.5 (SM: 1)

alternative “model-independent” 
approach: study ratio of branching ratio 
factors ργγ/ZZ = 1.1+0.4-0.3

ργγ/WW = 1.7+0.7-0.5

ρZZ/WW = 1.6+0.8-0.5

* use analysis sub-categories with ggF/VBF/VH-enriched samples (e.g. Njet(VBF) ≥ 2)

profiling µVH:
3.1σ evidence of
VBF production
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Coupling measurement
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κ j

probe Higgs boson couplings under a LO tree level motivated framework

* assume that all observed signals originate from a single resonance at 125.5 GeV

* zero-width approximation: (σ×BR)(ii→H→ff) = σii⋅Γff/ΓH

* same lagrangian structure as in the SM (only modifications in coupling strengths)

fit for coupling scale factors κg2

(σ×BR)(gg→H→γγ) = σSM(gg→H)⋅BRSM(H→γγ)⋅κg2⋅κγ2/κH2

example:

κg2 and κγ2 can be expressed in terms of coupling scale factors 
associated to all other particles contributing to SM loops

κg

κγ/κHH

g

g

γ

γ

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsLightMass

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsLightMass
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsLightMass
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κ j

in the SM, ggH and H→γγ are loop-induced

1. assume only SM particles contribute to these loops

κF ∈ [-0.88, -0.75] ∪ [0.73, 1.07]

κV ∈ [0.91, 0.97] ∪ [1.05, 1.21]

2D likelihood contour

8% compatibility with SM (1,1)

(68% CL intervals)

fit for κF =κt=κb=κτ=κg

κV =κW=κZ

sign degeneracy partially 
solved from W- and t-loop 

interference in H→γγ
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κ j

2. no assumption on the total decay width

λFV ∈ [-0.94, -0.80] ∪ [0.67, 0.93]

κVV ∈ [0.96, 1.12] ∪ [1.18, 1.49]

2D likelihood contour

7/9% compatibility with SM (1,1[,1])

fit for λFV =κF/κV

κVV =κV⋅κV/κH

3. no assumption on the total decay width

and on the H→γγ loop content

fit for λFV =κF/κV

κVV =κV⋅κV/κH

λγV = κγ/κV
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ATLAS Preliminary

λFV = 0.85+0.23-0.13

κVV = 1.15±0.21

1D projection (profiling other parameters)

λγV = 1.22+0.18-0.14
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W/Z couplings
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κ j

SM requires identical coupling scale factors for W and Z

* direct test of custodial symmetry

* strong constraint from LEP measurements

1. assume only SM particles contribute to ggH/Hγγ loops
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2. decouple possible new physics contribution in γγ 
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λWZ = κW/κZ ∈ [0.64, 0.87]
λFZ = κF/κZ ∈ [-0.89, -0.55]
κZZ = κZ⋅κZ/κH ∈ [1.20, 2.08]

λWZ = κW/κZ = 0.80±0.15
λFZ = κF/κZ = 0.74+0.21-0.17

κZZ = κZ⋅κZ/κH = 1.5+0.5-0.4

λγZ = κγ/κZ = 1.10±0.18
5/9% compatibility with SM (1,1,1[,1])
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Probing BSM contributions
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κ j

new particles can contribute either in loops or in new final states

* assume SM tree-level coupling scale factors (κ i = 1)

* fit for effective coupling scale factors κg and κγ

1. assume no new contribution to total Higgs width 2. allow for invisible/undetectable final states
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ATLAS Preliminary

κg = 1.08±0.14

κγ = 1.23+0.16-0.13 κg = 1.08+0.32-0.14

κγ = 1.24+0.16-0.14

BRinv.,undet. < 0.33 (< 0.6 @ 95%CL)

5/10% compatibility with SM (1,1[,1])

BR<0.65 @ 95%CL
direct search ZH(→inv):
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Summary
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κ j

parameter value
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many tested benchmark models

common assumption: single resonance
with SM-like tensor structure, zero width

*

remark: various scenarios are correlated
(based on same experimental data!)

*
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Spin-parity measurement

13

JPC

JPC state influences final state kinematic distributions

e.g.: in H→ZZ→4ℓ, dilepton invariant masses

and 5 production/decay angles

the idea: pair-wise test of different specific scenarios against SM 0+ 

γγ, WW, ZZ: test 2+ minimal coupling model with different gg/qq production fractions*

ZZ: test also 0-, 1+, 1-, 2-*

approach: build discriminant using input sensitive to different spin-parity hypotheses 

➲ H→γγ: use |cos(θ*)| distribution (mγγ for S/B separation)

➲ H→WW: train two BDT classifiers (0+ vs bkg, 2+ vs bkg) using mℓℓ, pTℓℓ, Δφℓℓ, mT

➲ H→ZZ→4ℓ: multivariate discriminant built using full 7D final state information
(two approaches: matrix element technique and BDT)

discriminant distributions used to build test statistics Q = log (L(0+)/L(JP))

CLs method: CLs(JP) = p0(JP) / (1 - p0(0+))
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Results
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JPC

combination: exclude 2+ model against 0+ at more than 99% CL
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Conclusions
‣ mH = 125.5±0.2(stat)+0.5-0.6(sys) GeV

‣ µ = 1.30±0.13(stat)±0.14(sys)

‣ µVBF+VH/µggF+ttH = 1.2+0.7-0.5

‣ 3.1σ evidence for VBF production

‣ couplings consistent with SM expectation

‣ spin-parity studies

‣ new boson is compatible with SM JPC=0+

‣ excluded 0-, 1+, 1-, 2+ specific scenarios against SM at more than 96.9% CL

‣ perspectives

‣ update fermion channels to full data sample

‣ optimization of coupling measurement in individual channels

‣ probe CP admixtures

16
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After the LHC shutdown

19

...

CP violation in the Higgs sector

SM: a1=1, a2=a3=0

test a1=1, a2=0, a3≠0

separation (in σ @14 TeV)

coupling measurements 

precision in κV, κF fit
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Combined channels
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µ
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Evidence of VBF production
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Mass resolution in H→ZZ→4ℓ
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Are γγ and ZZ masses 
compatible?
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mH

➲ main correlation from e/γ energy scale systematics
➲ individual measurements compatible at 1.5% (2.4σ) level
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Ratio of branching ratios / SM
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Solving sign degeneracy
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κ j

(σ×BR)(gg→H→γγ) = σSM(gg→H)⋅BRSM(H→γγ)⋅κg2⋅κγ2/κH2
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g

g

γ

γ

+ － 
H H H
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W+

W

W-

t

t

t

_γ

γ

γ

γ

γ

γ

interference effect

κγ2(κF,κV) ~ 1.59⋅κV2 - 0.66⋅κVκF + 0.07⋅κF2
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Fermion vs vector couplings / 1
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κ j

in the SM, ggH and H→γγ are loop-induced

1. assume only SM particles contribute to these loops

κF ∈ [-0.88, -0.75] ∪ [0.73, 1.07]

κV ∈ [0.91, 0.97] ∪ [1.05, 1.21]

fit for κF =κt=κb=κτ=κg

κV =κW=κZ
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Fermion vs vector couplings / 2
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κ j

in the SM, ggH and H→γγ are loop-induced

1. assume only SM particles contribute to these loops

κF ∈ [-0.88, -0.75] ∪ [0.73, 1.07]

κV ∈ [0.91, 0.97] ∪ [1.05, 1.21]
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8% compatibility with SM (1,1)

(68% CL intervals)

fit for κF =κt=κb=κτ=κg

κV =κW=κZ
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Fermion vs vector couplings / 3

28

κ j

2. no assumption on the total decay width

λFV ∈ [-0.94, -0.80] ∪ [0.67, 0.93]

κVV ∈ [0.96, 1.12] ∪ [1.18, 1.49]

7% compatibility with SM (1,1)

fit for λFV =κF/κV

κVV =κV⋅κV/κH
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Fermion vs vector couplings / 4

29

κ j

3. no assumption on the total decay width and on the H→γγ loop content

λFV = 0.85+0.23-0.13

κVV = 1.15±0.21 9% compatibility with SM (1,1,1)

fit for λFV =κF/κV

κVV =κV⋅κV/κH

λγV = κγ/κV

λγV = 1.22+0.18-0.14
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Benchmark models

30

κ j

1. fermion vs vector couplings; only SM particles 
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Benchmark models

31

κ j

2. fermion vs vector couplings; no assumption on total decay width 
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Benchmark models

32

κ j

3. fermion vs vector couplings; no assumption on total decay width and on H→γγ loop content 
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Benchmark models

33

κ j

1. W/Z couplings; only SM particles contribute to loops 
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Benchmark models

34

κ j

2. W/Z couplings; decouple possible new physics contribution in γγ



Valerio Ippolito - Higgs Properties at ATLAS (May 29th, 2013)

Benchmark models

35

κ j

1. BSM contributions; assume no new contribution to total Higgs width
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Benchmark models

36

κ j

2. BSM contributions; allow for invisible/undetectable final states
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JP: test statistics vs fqq
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H→ZZ→4ℓ spin
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JP discrimination in WW
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JP discrimination in WW
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JP discrimination in WW
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Angular variables

42

JPC

m1: invariant mass of the on-shell Z (Z1)
m2: invariant mass of the off-shell Z (Z2)
θ*: angle, in X reference frame, between Z1 and beam axis
φ, φ1: azimuthal angles, in X reference frame, between X, Z1 and 
Z2 decay planes
θi: angle, in Zi reference frame, between lepton and Zi flight line

relevant observables in H→ZZ→4ℓ JPC analysis (similar for H→WW,γγ)
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Mass/angular distributions
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Individual spin results
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H→γγ

H→ZZ→4ℓ

H→WW

JPC
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di-photon selection
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Fiducial cross-section
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σfid

measure production and decay cross section in H→γγ

* inclusive analysis (no categories: more model-independent approach)

* fiducial region: photon |η| < 2.37, ETγ1 > 40 GeV, ETγ2 > 30 GeV

from S+B fit to mγγ distribution

correction factor for detector effect 
(efficiencies for photons within acceptance)

integrated luminosity (20.7 fb-1 at 8 TeV)

748±39(stat)±11.2%(syst)

0.643 (±2.7%)
main systematics: 
mass resolution, background modelling, 
photon identification

56.2±10.5(stat)±6.5(syst)±2.0(lumi) fb
good agreement with SM expectation from MC


