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        Motivation

The ATLAS collaboration reported in 2012 the observation of 
a new particle with a mass of about 125 GeV: a milestone in the
understanding of electroweak symmetry breaking has been reached.

Present experimental challenge: is this really the SM Higgs boson?
                                  

   Need to measure its properties and compare them to
SM expectations:

●  Rates

All compatible with SM, combined 
signal strength is μ = 1.33 ± 0.20 
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        Motivation

The ATLAS collaboration reported in 2012 the observation of 
a new particle with a mass of about 125 GeV: a milestone in the
understanding of electroweak symmetry breaking has been reached.

Present experimental challenge: is this really the SM Higgs boson?
                                  

   Need to measure its properties and compare them to
SM expectations:

●  Rates

● Couplings

Starting to fit them on data,
all compatible with SM expectation 

(more on rates and couplings in S. Gadatsch's talk)
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        Motivation

The ATLAS collaboration reported in 2012 the observation of 
a new particle with a mass of about 125 GeV: a milestone in the
understanding of electroweak symmetry breaking has been reached.

Present experimental challenge: is this really the SM Higgs boson?
                                  

   Need to measure its properties and compare them to
SM expectations:

●  Rates

● Couplings

● Spin and CP

SM prediction is JCP = 0+

to be tested against
alternative models in data.

0+ vs 0-, 1+ , 1-, 2+, ...
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● WW analysis

● 20.7 fb-1 at 8 TeV

● ATLAS-CONF-2013-031

Outline

● γγ analysis

● 20.7 fb-1 at 8 TeV

● ATLAS-CONF-2013-029

● ZZ analysis

● 20.7 fb-1 at 8 TeV + 4.8 fb-1 at 7 TeV 

● ATLAS-CONF-2013-013

● Spin combination

● WW + ZZ + γγ

● ATLAS-CONF-2013-040, then arXiv:1307.1432, accepted by Phys.Lett.B
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    Testing the JCP = 2+ hypothesis

SM

2
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                      Foreword: Statistical treatment

We build the likelihood function using ε (fraction of spin0) as POI. 
It can take only the values 0 (spin2) or 1 (spin0).
μ (signal strength) is a nuisance parameter.

We define the test statistic q as the ratio of the two spin hypotheses (LLR):

For each hypothesis, thousands of toy experiments are generated.
Results given in terms of p

0
 values for rejecting hypothesis A given that B is true, 

and as normalized CL
s
 values.

Same statistical treatment for all analyses (0+ vs 1+, etc.)
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JCP = 2+ theoretical model

● Graviton-inspired tensor* (Kaluza Klein model)
● minimal couplings to the SM (96% gg, 4% qq at LO), as implemented in the 

JHU** MC generator (2+

m
)  

*Gao et al., Phys. Rev. D 81 (2010) 075022.
**JHU: Bolognesi et al., “On the spin and parity of a single-produced resonance at the LHC”, 
PhysRevD86 (2012)  095031

● This minimal model may be modified by higher-order QCD corrections,
which significantly change the shape of the discriminating variables:
● rather than assigning a systematic on the production fraction, 
 we perform all our analyses for 

    5 different qq fractions: 0% – 25% – 50% – 75% – 100%

In all cases, to correct the Higgs p
T
 spectrum for higher order effects, JHU is reweighted to

Powheg (which matches the resummed computation of HqT).
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JCP = 2+ in the WW →ℓνℓν channel

Spin correlations between the two W bosons, 
and hence the final leptons, depend on the
spin assignment of the decaying resonance:

Kinematic distributions for the dilepton pair discriminate between different spin hypotheses:

Selection must:
● be loose enough to accept both spin0 and spin2 signal events

● S/B ratio = 0.05 for spin0 and 0.03 for spin2 in rate analysis SR,
● be tight enough to reject backgrounds
● not spoil dilepton correlations

This is what a multivariate analysis is designed for!
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BDT input variables

The spin analysis builds on the well-established rate measurement (same object selection,
background samples, systematic uncertainties), but:
● loosening selection cuts
● looking only at the eμ 0-jet final state

Plots after preselection

Four variables used for training:
● m

ℓℓ  
: dilepton invariant mass

● p
T,ℓℓ

 : dilepton transverse momentum

● Δφ
ℓℓ

 : dilepton azimuthal angular difference

● m
T
 : transverse mass of the system
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The best sensitivities are obtained for:
● train spin0 vs total background
● train spin2 vs total background

 

BDT0
B

D
T

2

bkg
Fit the full shape in 2d!

Preselection cuts before training:
●  two high-p

T
 (25, 15 GeV), isolated, opposite-sign leptons

●  m
ℓℓ 
> 10 GeV

● MET(Rel)
 
> 20 GeV

● p
T,ℓℓ

 > 20 GeV

●  m
ℓℓ 
< 100 GeV

SR

Standard Spin 

MET(Rel) > 25 20

p
T,ℓℓ

 > 30 20

m
ℓℓ
 < 50 80

Δφ
ℓℓ
 < 1.8 2.8

BDT training

spin0

spin2
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              Input training variables in SR
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                           BDT output in SR

SPIN0 STACKED

SPIN2 STACKED

BDT2

BDT2

BDT0

BDT0

3615 data candidates
3280 background
170 spin0 expected
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                BDT output in Control Regions

WW CR:
m

ℓℓ 
cut reversed

SF = 1.1

Z+jets CR:
Δφ

ℓℓ
 cut reversed

SF = 0.9

BDT shrinked to the
backround-like range.



15

        Systematics

All systematics shared with rate analysis
(leptons, jets, MET, trigger, luminosity).
Efficiency-related systematics used
also as shape systematics.

Main systematic sources in the table.

2D fit performed on BDT0 (10 bins) vs BDT2 (5 bins).
The signal strength is left free to float in the fit.

As a consequence of the fact that we perform a different training for each fraction, 
BDT2 depends on the fraction (results shown so far for 25qq), BDT0 does not.

●  100qq looks more background-like
●  100gg looks less background-like    

100qq expected to be easier to
discriminate from spin0 than 100gg 
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                     WW results with 20 fb-1

A nice visualization of the results is given by the post-fit background-subtracted plots:

Sensitivities between 2σ and 3σ according to the fraction.

Excess easier to reconcile with a spin0 signal! Spin2 looks too flat.

100qq
2d (10x5):
● unroll to 1d, 
● remove empty bins
● order in S/B ratio
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                     WW results with 20 fb-1

Rejection power increasing with 
increasing qq fraction.

Data agree with predictions when 
assuming spin0 is true.
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JCP = 2+ in the γγ channel

Discriminating variable is the distribution of the polar angle of 
the photons with respect to the z-axis of the Collins-Soper frame:

● Best discrimination power
● Impact of ISR minimal 

Topological differences: before acceptance cuts:

● Isotropic decay for a spin0 resonance

● For spin2, distribution depends on the qq fraction

● Background: strongly peaked in the 
forward-backward direction 

100gg:

100qq:

max 
difference
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JCP = 2+ in the γγ channel

Event selection:
● two photons, E

T
> 35, 25 GeV

● window cut on diphoton invariant mass: 105 < m
γγ

 < 160 GeV:

● 122 < m
γγ

 < 130 GeV = SR

● (105 < m
γγ

 < 122 GeV) + (130 < m
γγ

 < 160 GeV) = background sidebands

● to minimize correlations between m
γγ

 and cos θ*:
(residual correlations at the percent level)

assumed to be uncorrelated, from MC

the same for 
spin0 and spin2 from fit on 

data sidebands
5th degree
polinomial

f
S
(m

γγ
): 95% Crystal Ball + Gaussian for the tails

Likelihood takes the form:
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Observed number of events in SR, postfitFor very small values of |cos θ*|:

Background-subtracted data plots:

                    γγ results with 20 fb-1

14977 data candidates
14300 background
370 spin0 expected
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A few details on systematics:
● Signal:

● interference with non resonant γγ background: 
for spin0 only:
~1% correction at low values of |cos(θ*)|, 
up to 10% for  |cos(θ*)|~1

● 21% on the invariant mass resolution

● Background:
● modelling of m

γγ
 (statistics in sidebands) 

                    γγ results with 20 fb-1
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JCP = 2+ in the ZZ channel

Train spin0 vs spin2 signal events.
Same object definition and event selection as in rate analysis.
Final states splitted according to the lepton flavour: 4µ, 4e, 2µ2e, 2e2µ. 

43 data candidates
16 background
18 spin0 expected

● Irreducible ZZ* from MC
● ttbar, Z+jets: from control regions
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                    ZZ results with 25 fb-1

A few details on systematics:
● bin migration:

● ±10% on mass resolution
● ±10% on electron energy scale and resolution

● all the others in common with rate analysis

Fit to BDT response in 2 bins:
high S/B (115-121 GeV, 127-130 GeV)

low S/B (121-127 GeV)
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JCP = 2+ combination

2+ hypothesis rejected
with > 99.9% CL

for all qq fractions.

Data agree better with
spin0 hypothesis.
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   Testing the JCP = 1± hypotheses

SM

1
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Decay of a spin1 resonance into two on-shell photons forbidden by the Landau-Yang theorem.
WW and ZZ final states try to reject it independently.

Spin1 models also implemented in JHU. Only allowed production mode is qqbar.

Analyses replicate what shown for 2+ rejection. Discrimination power slightly smaller:

JCP = 1± in the WW and ZZ channels
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Both spin1 models rejected with > 99.7% probability by combination. 
Date agree better with spin0 hypothesis.

JCP = 1± in the WW and ZZ channels

99.8%
92%
99.97%

94%
98%
99.7%
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     Testing the JCP = 0- hypothesis

SM

0-
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JCP = 0- in the ZZ channel
● A small CP-odd component can arise in many BSM models.

● Preliminary analysis tests pure spin0+ vs pure spin0-.
 
● Model implemented in JHU, only gg production considered.

● WW and γγ expected to have much less discrimination power than ZZ.

ZZ analysis follows what shown for spin2, but BDT not trained on θ* and Φ
1
.
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JCP = 0- in the ZZ channel

The CP-odd nature of the observed 
resonance is excluded with 97.8% CL
by the ZZ analysis.

Small statistical fluctuations in data
reduce the expected rejection power.
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Conclusions

SM

Latest results from ATLAS on the evidence for the spin0 nature of the Higgs 
boson have been shown.
Analyses have been carried out in the three diboson channels
(WW, ZZ, γγ) and then combined.

The data favour the SM quantum numbers
against all alternatives.
● 0- hypothesis rejected at 97.8% CL (ZZ)
● 1+ hypothesis rejected at 99.97% CL (WW, ZZ) 
● 1- hypothesis rejected at 99.7% CL (WW, ZZ) 
● 2+ hypothesis rejected at >99.9% CL

 (WW, ZZ, γγ) for all production fractions
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Back up
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p0 exp (spin2)
( integrate on blue from red median )
compatibility with spin2 =
probability of a toy experiment to
fall even more on the right

Red: assuming spin0 is true   Blue: assuming spin2 is true

p0 exp (spin0)
( integrate on red from 
blue median )
compatibility with spin0 =
probability of a toy 
experiment to
fall even more on the left

      Exp
p-values
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p0 obs (spin2)
( integrate on blue from data )
compatibility with spin2 =
probability of data to
fall even more on the right

Red: assuming spin0 is true   Blue: assuming spin2 is true

p0 obs (spin0)
( integrate on red from data )
compatibility with spin0 =
probability of data to
fall even more on the left

      Obs
p-values
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Spin2 Higgs-like resonance generated with JHU (minimal model, graviton-like, g1=g5=1):
●  parity is +1
●  cross section unknown, we normalize it to the SM spin0 one
●  couplings to quarks and gluons unknown, scanning 5 working points

         Spin2 Higgs-like boson
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