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Introduction

Motivations

July 2012: new resonance discovered by
CMS and ATLAS collaborations
arXiv:1207.7214; arXiv:1207.7235

Couplings and signal strength compatible
with the SM Higgs Boson
(µ = 1.33± 0.20/µ = 0.80± 0.14 measured
by ATLAS / CMS) in all channels

SM
σ/σBest fit 
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 ZZ (2 jets)→H 
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 (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

What are the new particle’s quantum numbers JPC? SM predicts JPC = 0+

Observation in diphoton implies C=1 and disfavours J=1 due to
Landau-Yang theorem

ZZ, WW channels can test spin-1 hypothesis for independent
confirmation and mixtures

Observation in WW favours J=0 (biased selection)

Observation in ZZ, WW disfavour P=-1

Next step is to test the 0+ hypothesis against alternative models
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Introduction

Testing spin-parity

For each channel, find variables that
are able to discriminate between the
SM and the alternative hypotheses

We test spin-parity → angles are what
we are looking for

Different channels → different
kinematic properties

*|θ|cos
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Introduction

Testing spin-parity: likelihood

Looking at a single variable is usually not enough to obtain good
discrimination
From simulations (and control regions), obtain the distributions for
background, signal and alternative hypotheses events in the space of
the discriminating variables → likelihood distributions for
signals/models
Pseudo-experiments to generate the distribution of the test statistics
q = −2 log LSM

LJP
under the SM/alternative hypothesis.

Compare with results observed in the data qobs, CLs = P(q≥qobs|S2+B)
P(q≥qobs|S1+B)
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Introduction

Models tested

CMS
JP prod channel
0− any ZZ,WW pseudoscalar
0+
h any ZZ scalar high dim op

1− qq̄ ZZ
1− any ZZ
1+ qq̄ ZZ
1+ any ZZ
2+

m gg ZZ,WW,γγ grav, min. coupl.
2+

m qq̄ ZZ,WW,γγ grav, min. coupl.
2+
m any ZZ,WW,γγ grav, min. coupl.

2+
b gg ZZ RS grav, SM in bulk

2+
h gg ZZ tensor high dim op

2−h gg ZZ pseudo-tensor

ATLAS
JP prod channel
0− any ZZ
1− any ZZ,WW
1+ any ZZ,WW
2+

m gg ZZ,WW,γγ
2+

m qq̄ ZZ,WW,γγ
2+

m any ZZ,WW,γγ
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H→ ZZ→ 4l

H → ZZ → 4l

5 angles and 2 masses fully describe
the H→ZZ→ 4l decay
Sensitive to spin AND parity.
Main channel to probe the 0−

Hypothesis

Events selected in
the peak
[115− 130]GeV
ATLAS,
[106− 141]GeV
CMS

Different qq̄/gg
production fractions
can be tested for
spin-2.
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H→ ZZ→ 4l

H → ZZ → 4l analysis in CMS

Matrix Element Likelihood approach arXiv:1208.4018, use the discriminant
variables:

DJP =

[
1 +

Pkin
JP (m1,m2,Ω|m4l )

Pkin
0+ (m1,m2,Ω|m4l )

]−1

, Dbkg =

[
1 +

Pkin
bkg(m1,m2,Ω|m4l )×Pmass

bkg (m4l )

Pkin
0+ (m1,m2,Ω|m4l )×Pmass

sig (m4l )

]−1

Build 2D (DJP ,Dbkg) templates and Likelihoods for 0+ and JP

Tested and excluded 9 models + 3 prod independent models (1−, 1+, 2+)
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H→ ZZ→ 4l

H → ZZ → 4l analysis in CMS
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H→ ZZ→ 4l

CMS ZZ spin-parity summary

JP model JP production expect (µ=1) obs. 0+ obs. JP CLs

0− any 2.6σ (2.7σ) -0.9σ +3.8σ 0.04%
0+
h any 1.8σ (1.9σ) +0.3σ +1.6σ 10.0%

1− qq̄ → X 2.9σ (3.1σ) -1.5σ > 5.0σ <0.1%
1− any 2.7σ (3.0σ) -1.8σ > 5σ <0.1%
1+ qq̄ → X 2.4σ (2.6σ) -1.4σ +4.5σ 0.004%
1+ any 2.3σ (2.4σ) -2.1σ > 5σ <0.1%
2+

m gg → X 1.8σ (1.9σ) -0.7σ +2.7σ 1.5%
2+

m qq̄ → X 1.8σ (1.9σ) -1.6σ +3.8σ 0.16%
2+
m any 1.5σ (1.6σ) -1.5σ +3.3σ 0.8%

2+
b gg → X 1.8σ (1.9σ) -1.1σ +3.2σ 0.5%

2+
h gg → X 3.9σ (4.1σ) +2.0σ +1.9σ 3.0%

2−h gg → X 4.4σ (4.8σ) +1.1σ +3.3σ 0.05%
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H→ ZZ→ 4l

fa3 parameter

Most general spin-0 boson decay amplitude:

A(H → ZZ) = v−1ε∗1 ε
∗
2

(
a1gµνm

2
Z + a2qµqν + a3εµναβq

α
1 q

β
2

)
= A1 +��A2 + A3

0+ dominated by A1, 0− by A3

fa3 = |A3|2/(|A1|2 + |A3|2)
if 0 < fa3 < 1→ CP violation

Interference is negligible

The shape of D0− discriminant
depends on the value of fa3.
We can use it to measure fa3

We can set a limit on CP
violating contributions to HZZ
coupling

3af
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CMS -1 = 8 TeV, L = 19.7 fbs ; -1 = 7 TeV, L = 5.1 fbs

fa3 = 0.00+0.17
−0.00, fa3 < 0.51 at 95% CL
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H→ ZZ→ 4l

H → ZZ → 4l analysis in ATLAS

BDT approach using the 5+2 kinematic variables.

Split in 4 final states (4e, 4µ, 2e2µ, 2µ2e) to increase sensitivity

2 different mass regions: high S/B (121-127) and low S/B (115-121
and 127-130)

5 different qq̄ fractions tested for spin-2
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H→ WW→ 2l2ν

H → WW → 2l2ν

Low mass resolution due to neutrinos in the final states

Sensitive to spin-0 vs spin-2 discrimination

Discriminant variables: ∆Φll , mll , p
ll
T ,

mT =
√

2pllTE
miss
T (1− cos ∆Φll−Emiss

T
)

Most of the sensitivity from H → WW → eνeµνµ
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H→ WW→ 2l2ν

H → WW → 2l2ν at ATLAS

low signals and high backgrounds, event selection is challenging, for spin
analysis softer selection with respect to nominal:

MET > 20GeV, 0 jets, pll
T > 20GeV,mll < 80GeV,∆Φll < 2.8.

The four discriminating variables are used for the BDT in a MVA

0BDT
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

A
rb

itr
ar

y 
N

or
m

al
is

at
io

n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
 backgrounds

[125]+H 0 [125]+H 2

 PreliminaryATLAS
 + 0 jetνeνµ+νµν e→ (*)

 WW→H 

2BDT
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

A
rb

itr
ar

y 
N

or
m

al
is

at
io

n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4  backgrounds

[125]+H 0 [125]+H 2

 PreliminaryATLAS
 + 0 jetνeνµ+νµν e→ (*)

 WW→H 

2D fit of the spin-0 and spin-2 BDT discriminants
Same approach can be used for spin-1 →

1+ excluded at 92% CL, 1− excluded at 98.3% CL

q

­10 ­5 0 5 10 15 20

N
o
rm

a
lis

e
d
 t
o
 u

n
it
y

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18 ATLAS
  ­1

  L dt = 20.7 fb ∫ = 8 TeV   s

 + 0 jetsνeνµ/νµν e→ WW* →H

+
 = 0PJ

­
 = 1PJ

Data

G. Ortona INFN & University of Torino Measurement of spin and parity of Higgs boson

Frontiers in Particle Physics: From Dark Matter to the LHC and Beyond, 18-24 January 2014, Aspen (USA) 2014-01-20 13 / 23



H→ WW→ 2l2ν

H → WW → 2l2ν at ATLAS: Spin-2 results

Different qq̄ fractions tested for spin-2.
Highest rejection for the 100% qq̄ case
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H→ WW→ 2l2ν

H → WW → 2l2ν at CMS

Used to test 0+ against 0− or minimal coupling 2+
min (graviton-like)

Events are divided in 0 or 1 jet categories.

Similar to ZZ analysis, 2-dimensional templates based on mll and
mT distributions

Different qq̄ fractions tested

2+, 0 jets category
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H→ WW→ 2l2ν

H → WW → 2l2ν: CMS results
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H→ γγ

H → γγ

Decay of spin-1 particles to γγ forbidden by Landau-Yang. Observation
excludes pure spin-1 states. Test spin-0 vs spin-2 models.

Main discriminant variables for 0 vs 2 is the polar angle θ∗,

cos θ∗ =
sinh(∆ηγ )√

1+(p
γγ
t /mγγ )2

2p
γ1
t p

γ2
t

m2
γγ

cos θ∗ uniform in spin-0, depends on the qq̄ fraction for spin-2

Discrimination power between spin-0 and spin-2 degrades increasing the
qq̄ fraction. Most sensitive to pure gg production mechanism
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H→ γγ

H → γγ in CMS

Only 8 TeV samples finalized at the
moment

Dataset divided in 5 bins of cos θ∗ and

4 categories of purity (R9min and |η|max)

Total of 20 fits of mγγ

Comparison of 0+ vs gg → 2+
m and

qq̄ → 2+
m
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Results are
not conclusive
yet, updates
will arrive
soon
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H→ γγ

H → γγ in ATLAS

Good rejection power between 0+ and
2+ when 100% gg

Less powerful in the qq̄ case

background strongly peaked in the
forward direction, small S/B

Cuts optimized to minimize the
correlation between mγγ and cos θ∗

p
γ1
T

mγγ
> 0.35;

p
γ2
T

mγγ
> 0.25

Alternative: simultaneous fits of mγγ in
bins of cos θ∗ gives compatible results
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Results, combination and conclusions

Combination: ATLAS
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Results, combination and conclusions

Results: CMS

Parity 0− excluded at 99.96%
CL in ZZ channel

Spin-1 excluded at > 99.9% in
the ZZ channel

2+
m model excluded at 99.4% by

the combined WW+ZZ analysis

Other spin-2 (2+
b , 2+

h , 2−h )
models excluded at > 97% CL
in ZZ

)+
0

 / L
(gg)m

+
2

 ln(L× ­2 
­30 ­20 ­10 0 10 20 30

P
ro

b
a

b
ili

ty
 d

e
n

s
it
y

0

0.02

0.04

0.06

0.08

0.1

CMS preliminary ­1 = 8 TeV, L = 19.6 fbs  ­1 = 7 TeV, L = 5.1 fbs

+
0

(gg)m

+
2

CMS data

 = 0.6%)
obs.

s
(CL

Mixture studies are the next big goal!

CMS already set a limit on CP-odd contribution fa3 < 0.51 at 95%
CL
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Results, combination and conclusions

Conclusions

Summary

Both CMS and ATLAS results show SM (0+) state highly favoured
against alternative pure JP states

The two experiments show good agreement and consistent and
complemetary results

Best knowledge from both experiments allows to exclude all tested
hypotheses of 0−, spin-1 and spin-2 states with CL > 99.9%

Next

Still some way to go before being able to exclude mixed state

But a limit on the fraction of CP-odd contributions to the
cross-section fa3 < 0.51 has already been set by CMS

In the future, extend the analyses to VBF, VH, ttH, H→ ττ , ...
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Results, combination and conclusions

Combination: ATLAS

0− hypothesis is excluded at 97.8% CL in the ZZ channel

1+ hypothesis excluded at 99.97% CL by the combined ZZ+WW analysis

1− hypothesis excluded at 99.7% CL by the combined ZZ+WW analysis

2+ excluded at 99.9% CL by the combined ZZ+WW+γγ analysis
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Results, combination and conclusions

H→ZZ→ 4l Kinematics

Two pairs of OS/SF leptons. Z1 closest
to the Z mass, Z2 the remaining with
highest pt

40 < mZ1 < 120GeV
12 < mZ2 < 120GeV

One lepton with pt > 20 GeV/c, another
with pt > 10 GeV/c.

m4l > 100 GeV, any ml+l− > 4 GeV
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γγ residual correlation
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