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Introduction

July 2012: is the 125 GeV scalar particle the SM
Higgs boson ?

Any hints of new physics ?
Measure its properties: mass, width,
couplings, spin, CP properties.
Look for additional BSM Higgs: different
mass, different spin, etc...

Spin of initial particle⇒ affects kinematics of
decay products.

Study anomalous HVV couplings with ZZ, Zγ, γγ
and WW using leptonic decay modes, and also
with VH and VBF production modes with other
decays (ττ , bb...).

Model-independent approach using an Effective
Field Theory (EFT).

General strategy: compare data shapes with
different theory predictions and extract likelihood
ratios with respect to SM hypothesis.

Overall yields also provide additional information
and constraints.
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The Effective Lagrangian approach

Model-independent way of characterising the Higgs boson’s interactions beyond
SM terms.

Leff = LSM +
∑

i

1
Λdi−4 ciOi (1) ci : Wilson coefficient

Λ: new physics scale
di : dimension of operator Oi

Normally sensitive to only lowest order.

Operators Oi can modify both inclusive rates and differential distributions.

Constraints from existing measurements.

Generically test for anomalous HVV couplings using event kinematics.

Event yields can bring additional information.
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Phenomenology of a spin 0 particle

Amplitude up to q2 terms

SM BSM scalar pseudoscalar

A(HVV ) ∼

︷︸︸︷aVV
1 +

︷ ︸︸ ︷
κVV

1 q2
V1 + κVV

2 q2
V2(

ΛVV
1

)2

m2
V1ε
∗
V1ε
∗
V2+

︷ ︸︸ ︷
aVV

2 f∗(1)
µν f∗(2),µν +

︷ ︸︸ ︷
aVV

3 f∗(1)
µν f̃∗(2),µν

κZZ ,WW
1 = κZZ ,WW

2 = −e
iφZZ,WW

Λ1 , κ
γγ,gg
1,2 = 0, κZγ

1 = 0, κZγ
2 = −e

iφZγ
Λ1 ,

φVV
Λ1
6= 0, π ⇒ complex terms.

SM: only a1 is tree-level, others loop-induced.

assumes small BSM couplings, possibly complex.

SM values a1 q2/Λ2
1 a2 a3

HZZ(WW) 2 10−3-10−2 10−3-10−2 < 10−10

HZγ - 10−3-10−2 ' 0.0035 < 10−10

Hγγ - - ' −0.004 < 10−10
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Phenomenology of a spin 1 particle

Amplitude up to q2 terms

pseudo-vector

A(XJ=1VV ) ∼ bVV
1 [(ε∗V1q) (ε∗V2εX ) + (ε∗V2q) (ε∗V1εX )]︸ ︷︷ ︸+

︷ ︸︸ ︷
bVV

2 εαµνβε
α
X ε
∗µ
V1ε
∗ν
V2q̃β

vector

Consider arbitrary mixture of vector and pseudo-vector.

f VV
b2 =

∣∣bVV
2

∣∣2 σb2∣∣bVV
1

∣∣2 σb1 +
∣∣bVV

2

∣∣2 σb2

Pure spin 1 already excluded

Test for nearly degenerate but non-interfering states.

Consider qq production, and production-independent.
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Phenomenology of a spin 2 particle

A(XJ=2VV ) ∼ Λ−1
[

2cVV
1 tµν f∗1,µαf∗2,να + 2cVV

2 tµν
qαqβ

Λ2
f∗1,µαf∗2,νβ

+cVV
3 tβν

q̃β q̃α

Λ2
(f∗1,µν f∗2µα + f∗2,µν f∗1µα) + cVV

4 tµν
q̃ν q̃µ

Λ2
f∗1,αβ f∗2αβ

+m2
V

(
2cVV

5 tµνε∗µV1ε
∗ν
V2 + 2cVV

6 tµν
q̃µqα

Λ2
(ε∗νV1ε

∗α
V2 − ε

∗α
V1ε
∗ν
V2) + cVV

7 tµν
q̃µq̃ν

Λ2
ε∗V1ε

∗
V2

)
+cVV

8 tµν
q̃µq̃ν

Λ2
f∗1,αβ f̃∗2αβ

+m2
V

(
cVV

9 tµα
q̃αεµνρσε∗νV1ε

∗ρ
V2qσ

Λ2
+ cVV

10 tµα
q̃αεµνρσqρq̃σ

(
ε∗νV1(qε∗V2) + ε∗νV2(qε∗V1)

)
Λ4

)]

γγ and gg allowed for c1,2,3,4,8 only.

Consider 10 scenarios with pure (non-overlapping) couplings.

Test for nearly degenerate but non-interfering states.

Consider qq, gg productions separately, and independent production.
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What we know already...

ATLAS PLB 726 (2013) 120, CMS PRD 89 092007 (2014) Spin Jp = 0+

γγ decay observed⇒ spin 1 forbidden by Landau-Yang theorem.

Pure spin 1 decaying to WW/ZZ excluded at > 99% CL.

Data favours scalar over pseudoscalar: pure pseudoscalar excluded at > 99%
CL.

Pure spin 2 excluded at > 95% CL.

Further studies presented here...

Always assuming the 125 GeV mass.

Check for degenerate additional bosons or mixed parity states: put constraints
on fractions allowed

degenerate additional bosons with spin 1 or 2, with ∆M < 1 GeV (detector
resolution),
mixing with BSM spin 0 states (scalar or pseudoscalar)⇒ anomalous
HVV couplings.

Combine all decay modes to gain in sensitivity.

Further sensitivity on spin 0 CP-violating couplings by tagging VH and VBF
productions.
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Pros and Cons of the different decay channels

H→ γγ

- high background,

- limited angular information in ggH
production: cosθ∗,

+ good statistics.

H→WW→e+µ

- Neutrinos in final state⇒ limited
resolution.

+ Large signal yield, angular
information from leptons and MET.

H→ZZ→4l

- low statistics

+ full reconstruction from decay
products
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Monte Carlo Simulation

gg→H spin 0: POWHEG (NLO) + JHUGen (decay) + Pythia (PS)
gg→H spin 1,2, VBF, VH: JHUGen (LO+decay) + Pythia (PS)
ATLAS: gg→H spin 0,1,2 with MAGDRAPH_aMC@NLO + Pythia
gg→WW,ZZ: GG2WW, GG2ZZ + Pythia (CMS) / HERWIG (ATLAS)
Reweight pH

T distribution to match NNLO (QCD) / NLO (EWK) accuracy.

JHUGen Simulation

http://www.pha.jhu.edu/spin/

complete chain: ab→X→Z(γ∗)Z(γ∗),
WW→(f1f′1)(f2f′2), ab→X→bb,ττ ,γγ

Production modes ggH, VBF, VH,
spin 0, 1 and 2.

Interference of couplings in a model
independent approach.
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Observables for H→ ZZ → 4l

8 degrees of freedom: 3 masses, 5 angles

Combine them in optimal discriminants: BDT (ATLAS
Eur. Phys. J. C75 (2015) 476), ME-based (CMS Phys.
Rev. D 92 (2015) 012004).
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The matrix element method

Use ratio of LO |ME |2 to build kinematic discriminants.
JHUGen for signal, MCFM for backgrounds, using MELA package.
Separate signal from background:

D(H; ZZ ) =
|MEX (xx → H → 4l)|2 .pdf (m4l |mH )

|MEZZ (qq̄ → 4l)|2 .pdf (m4l |ZZ )

Separate alternative JP hypothesis:

D(JCP ; ZZ ) =

∣∣MEJCP (xx → JCP → 4l)
∣∣2 .pdf (m4l |mJCP )

|MEZZ (qq̄ → 4l)|2 .pdf (m4l |ZZ )
⇒ D(JCP ; H) =

D(JCP ; ZZ )

D(H; ZZ )

Final discriminants obtained by compressing between 0 and 1:

DJP =

[
1 + const .

∣∣MEJP (~pi )
∣∣2∣∣MEH (~pi )
∣∣2
]−1

,DBKG =

[
1 + const .

∣∣MEZZ (~pi )
∣∣2 .pdf (m4l |ZZ )∣∣MEH (~pi )
∣∣2 .pdf (m4l |H)

]−1

Common subset of MEs validated with MEKD (FeynRules+MadGraph) arXiv
1210.0896, 1001.3396, 1108.2274, 1208.4018, 1211.1952
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Observables for H→ WW → 2l2ν

ATLAS Eur. Phys. J. C75 (2015) 231
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Observables for H→ γγ

High background from non-resonant
diphoton production.

Kinematic cuts reduce sensitivity.

ATLAS (Eur. Phys. J. C75 (2015)
476): simultaneous fit in
SR+sidebands.

CMS (Eur. Phys. J. C74 (2014)
3076): fit mγγ in |cosθ∗| bins in
different categories.

Eur. Phys. J. C75 (2015) 476
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Example of extractions of the results

Test statistic q = −2 ln(LJP /L0+ )

Used to separate spin hypotheses

Assess consistency of alternative
hypothesis with data using CLs
criterion.

)+0 / L
PJ

 ln(L× -2 
-30 -20 -10 0 10 20 30 40

P
se

ud
oe

xp
er

im
en

ts

0

0.02

0.04

0.06

0.08

0.1

0.12  ZZ→) + X(1→ qq

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Observed
+0
+1

Profile likelihood −2∆ lnL

Asymptotic limit: 68%
⇒ −2∆ lnL = 1 and 95%
⇒ −2∆ lnL = 3.84.

Confidence intervals on anomalous
couplings and on fractions of
different spin hypotheses.

)Pf(J
0 0.2 0.4 0.6 0.8 1

 ln
L

∆
-2

 

0

2

4

6

8

10

12

14

16

18

 ZZ→) + X(1→ qq

Observed

Expected

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

68% CL

95% CL

A.-M. Magnan Pittsburgh, 04/05/2016 14 / 31



◦

Phenomenology Experimental setup Alternative spin hypotheses Anomalous couplings Conclusion

Results for spin 1 Phys. Rev. D 92 (2015) 012004
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Results for spin 2 Phys. Rev. D 92 (2015) 012004
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Combined results for alternative spin hypotheses

Phys. Rev. D 92 (2015) 012004
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Unconstrained WW/ZZ ratio: no combination of f(JP ).

Spin 2 with gravity-like minimal couplings excluded at 99.87% CL.

All other models excluded at > 99% CL.
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Combined results from ATLAS Eur. Phys. J. C75 (2015) 476
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Same conclusion: all models
consistent with SM spin 0+

hypothesis

⇒ motivation to study in more details
anomalous couplings of a spin 0
particle.
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Measurements of HVV anomalous couplings

What we measure

coupling ratio ai
a1
⇒ effective fractional cross section:

fa2 =
|a2|2 σ2

|a1|2 σ1 + |a2|2 σ2 + |a3|2 σ3 + σ̃Λ1/ (Λ1)4 + . . .

Different scenarios

1 or 2 non-0 anomalous
couplings ai (aj ) with
real: φ = 0 or π, or
complex phases
(unconstrained).
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Individual fractions Phys. Rev. D 92 (2015) 012004
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Profile likelihoods for Λ1, a2 and a3.

Real couplings: cosφ allows signed
quantity.

Sensitivity driven mainly by ZZ
channel.

WW+ZZ combination: ratio of
anomalous couplings set to 0.5,
custodial symmetry.

strong destructive interference at
fΛ1 cosφΛ1 ' +0.5 and
fa2 cosφa2 ' −0.5⇒ high CL
exclusions.

Other structures: interference
between leptons in 4e/4µ vs 2e2µ
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With 2 couplings at a time Phys. Rev. D 92 (2015) 012004
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Phase unconstrained

⇒ All hypotheses lead results consistent with SM!
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Combination of ZZ and WW data Phys. Rev. D 92 (2015) 012004
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No relations assumed

Custodial symmetry: stronger constraints due to correlations.
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Overview of CMS results Phys. Rev. D 92 (2015) 012004
)
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Assuming custodial symmetry (aZZ
i = aWW

i )

Pure 0+
h excluded at 99.93% C.L.

Pure 0− excluded at 99.99% C.L.

Consistent with Standard Model!
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ATLAS results Eur. Phys. J. C75 (2015) 476

CMS ATLAS
Parameter Observed Expected Observed Expected

f ZZ
a2 cos(φZZ

a2 ) [−0.66,−0.57] [−0.18, 1.00] [−0.16, 0.68] [−0.16, 0.94]
∪[−0.15, 1.00]

f ZZ
a3 cos(φZZ

a3 ) [−0.40, 0.43] [−0.70, 0.70] [−0.54, 0.11] [−0.56, 0.56]

f WW
a2 cos(φWW

a2 ) [−1.00,−0.54] [−1.00,−0.58] [−0.63,−0.26] [−1.,−0.33]
∪[−0.29, 1.00] ∪[−0.22, 1.00] ∪[−0.20, 0.053] ∪[−0.15, 1.]

f WW
a3 cos(φWW

a3 ) [−1.00, 1.00] [−1.00, 1.00] [−0.84, 0.78] [−1., 1.]
fa2 cos(φa2) [−0.11, 0.17] [−0.07, 0.51] [−0.16, 0.12] [−0.096, 0.89]
fa3 cos(φa3) [−0.27, 0.28] [−0.53, 0.53] [−0.41, 0.090] [−0.44, 0.43]

Similar to better exclusions on 0+
h and 0− states.
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A different approach using differential cross sections

PLB 753 (2016) 69

Use H→ γγ differential XS measurements.

Parametrisation of the effective Lagrangian
predictions: interpolation between points.

ggH, VBF and VH productions considered,
sensitive to cγ , cg , cHW and cHB Wilson
coefficients.

Additional CP-even and CP-odd interactions
affect both shapes and normalisations.

χ2 minimisation⇒ 68 and 95% CL limits
around the minima.

Translation into Higgs characterisation
framework: 7 times better sensitivity than
HVV analysis.
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Further constraints on CP-violating couplings from VBF production

arXiv:1602.04516

NEW!!

CP violating effects described by single parameter d̃ .

g̃Hγγ = g̃HZZ = 1
2 g̃HWW = g

2mW
d̃ , g̃HZγ = 0.

Relation to HVV analysis: d̃ = −κ̃W /κSM tanα.

Using CP-odd "Optimal Observable" (= matrix element
method) to be sensitive to CP violation terms,
independently of decay mode:

OO =
2Re(M∗SMMCP−odd )

|MSM |2

matrix elements from HAWK, summing over parton
flavours using CT10 PDFs.

Analysis: H→ ττ in τlepτlep and τlepτhad channels. H→WW
also treated as signal.
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Further constraints on CP-violating couplings from VBF production

arXiv:1602.04516

Custodial symmetry assumed:
aZZ

i = aWW
i .

Observed exclusion at 68% CL, not
sensitive to 95% with available stat.

Still factor 20 better than HVV
analysis.

Higher stat, other decay channels
would improve sensitivity.

CL intervals Observed expected, µ from data
VBF d̃ 68% [-0.11,0.05] [-0.08,0.08]
HVV−κ̃AVV /κSM tanα 95% [-2.18,0.83] [-2.33,2.30]
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Further constraints on fa3 from VH production

arXiv:1602.04305
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2D template method using BDT vs m(VH), profile likelihood scans of the data.
Larger m(VH) for pseudoscalar hypothesis.
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Further constraints on fa3 from VH production

arXiv:1602.04305

VH alone not sensitive enough.

Show separate WH+WW and ZH+ZZ.

Apply custodial symmetry to combine W and Z channels: aHWW
i = aHZZ

i .

Additional constraint on Hbb̄/Ht̄t fixed to SM value⇒ µZH/µZZ and µWH/µWW

related to fa3 but strongly constrained by existing measurements.
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Conclusion

Comprehensive study of spin-parity properties of the 125 GeV Higgs boson by
both ATLAS and CMS.

Strong constraints on pure alternative hypotheses, both for spin 1 and 2 and
pure anomalous couplings.

Data favours a pure SM Higgs boson, but there is still room for near-degenerate
exotic mass states.

Started exploring also constraints from tagged production modes involving HVV
couplings: VH and VBF.

More detailed studies and further reach expected with 13 TeV 2016 data.

In particular with EFT approach: exploit further kinematic shapes and yields and
all production/decay channels⇒ global fit approach.
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Thank you for your attention
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Backups

BACKUPS
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Event yields for ZZ, WW and γγ channels
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List of observables
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Testing the spin 1 hypothesis - ZZ

Phys. Rev. D 92 (2015) 012004

)+0 / L
PJ

 ln(L× -2 
-30 -20 -10 0 10 20 30 40

P
se

ud
oe

xp
er

im
en

ts

0

0.02

0.04

0.06

0.08

0.1

0.12  ZZ→) + X(1→ qq

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Observed
+0
+1

)Pf(J
0 0.2 0.4 0.6 0.8 1

 ln
L

∆
-2

 

0

2

4

6

8

10

12

14

16

18

 ZZ→) + X(1→ qq

Observed

Expected

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

68% CL

95% CL

b2f
0 0.2 0.4 0.6 0.8 1

)
+ 0

 / 
L

P J
 ln

(L
×

-2
 

-20

-10

0

10

20

30

40

50

60

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ZZ→ X → qq

+0
Expected at 95% CL
Expected at 68% CL

Observed
PJ

Expected at 95% CL
Expected at 68% CL

b2f
0 0.2 0.4 0.6 0.8 1

)
+ 0

 / 
L

P J
 ln

(L
×

-2
 

-20

-10

0

10

20

30

40

50

60

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ZZ→X 

+0
Expected at 95% CL
Expected at 68% CL

Observed
PJ

Expected at 95% CL
Expected at 68% CL

A.-M. Magnan Pittsburgh, 04/05/2016 35 / 31



◦

Backups CMS HVV CMS HVV Spin 1 CMS HVV Spin 2 CMS HVV Spin 0 ATLAS VBFH, H→ ττ CMS VH, H→bb

Testing the spin 1 hypothesis - WW

Phys. Rev. D 92 (2015) 012004
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Testing the spin 2 hypothesis - ZZ
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Testing the spin 2 hypothesis - WW
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Template (3D) vs multidimensional (8D)
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Comparison CMS-ATLAS

CMS ATLAS
Parameter Observed Expected Observed Expected

f ZZ
a2 cos(φZZ

a2 ) [−0.66,−0.57] [−0.18, 1.00] [−0.16, 0.68] [−0.16, 0.94]
∪[−0.15, 1.00]

f ZZ
a3 cos(φZZ

a3 ) [−0.40, 0.43] [−0.70, 0.70] [−0.54, 0.11] [−0.56, 0.56]

f WW
a2 cos(φWW

a2 ) [−1.00,−0.54] [−1.00,−0.58] [−0.63,−0.26] [−1.,−0.33]
∪[−0.29, 1.00] ∪[−0.22, 1.00] ∪[−0.20, 0.053] ∪[−0.15, 1.]

f WW
a3 cos(φWW

a3 ) [−1.00, 1.00] [−1.00, 1.00] [−0.84, 0.78] [−1., 1.]
fa2 cos(φa2) [−0.11, 0.17] [−0.07, 0.51] [−0.16, 0.12] [−0.096, 0.89]
fa3 cos(φa3) [−0.27, 0.28] [−0.53, 0.53] [−0.41, 0.090] [−0.44, 0.43]

Similar exclusions on 0+
h and 0− states.
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Zγ and γγ likelihood scans Phys. Rev. D 92 (2015) 012004
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MC and event yields in ATLAS VBFH, H→ ττ

arXiv:1602.04516
Signal MC generator

σ × B [pb]√
s = 8 TeV

VBF, H → ττ Powheg-Box [48,49,50,51] Pythia8 [52] 0.100 (N)NLO [42,53,54,55,56]
VBF, H →WW same as for H → ττ signal 0.34 (N)NLO [42,53,54,55,56]

Background MC generator
σ × B [pb]√
s = 8 TeV

W (→ `ν), (` = e, µ, τ) Alpgen [57]+Pythia8 36800 NNLO [58,59]
Z/γ∗(→ ``),

Alpgen+Pythia8 3910 NNLO [58,59]
60 GeV< m`` < 2 TeV
Z/γ∗(→ ``),

Alpgen+Herwig [60] 13000 NNLO [58,59]
10 GeV< m`` < 60 GeV
VBF Z/γ∗(→ ``) Sherpa [61] 1.1 LO [61]

tt̄ Powheg-Box + Pythia8 253† NNLO+NNLL [62,63,64,65,66,67]

Single top : Wt Powheg-Box + Pythia8 22† NNLO [68]

Single top : s-channel Powheg-Box + Pythia8 5.6† NNLO [69]

Single top : t-channel AcerMC [70]+Pythia6 [71] 87.8† NNLO [72]

qq̄ →WW Alpgen+Herwig 54† NLO [73]

gg →WW gg2WW [74]+Herwig 1.4† NLO [74]

WZ,ZZ Herwig 30† NLO [73]
ggF, H → ττ HJ MINLO [75,76] + Pythia8 1.22 NNLO+NNLL [77,78,79,80,81,82,56]
ggF, H →WW Powheg-Box [83] + Pythia8 4.16 NNLO+NNLL [77,78,79,80,81,82,56]

Process τlepτlep τlepτhad

Data 54 68
VBF H → ττ/WW 9.8±2.1 16.7±4.1

Z → ττ 19.6±1.0 19.1±2.2
Fake lepton/τ 2.3±0.3 24.1±1.5
tt̄ +single-top 3.8±1.0 4.8±0.7

Others 11.5±1.7 5.3±1.6
ggH/V H, H → ττ/WW 1.6±0.2 2.5±0.7

Sum of backgrounds 38.9±2.3 55.8±3.3
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Event selection in VH, H→bb analysis arXiv:1602.04305
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Systematics in VH, H→bb analysis arXiv:1602.04305
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2D profile likelihood scan arXiv:1602.04305

Smaller µZH for increasing f ZH
a3 due to increasing signal efficiency.

Minimum -2∆lnL for µZH = 1.11 and f ZH
a3 = 0.22.
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Sensitivity vs new physics scale arXiv:1602.04305

Add momentum-dependent form factor, relevant for higher q2 accessible with VH
production: (1 +
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