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Introduction

Discovered a boson, must establish spin and parity (JF) quantum numbers
Test alternative JP against the SM (0+) and observe which the data favors

¢ °E ATLAS 2011-2012 .t ]
E L Eopmacsesn Egggg; ) Several alternative models:
. o = Appearance of boson in di-photon channel
3 strongly disfavors spin 1 according to Landau-
Yang. Can test in WW® and ZZ* anyway
- 10: CL, Limits JP=0+
E " = Graviton-like tensor
A e S = minimal couplings to SM particles
——eny = Test production via combinations of gg fusion
- and gq annihilation
= S Snaaes: (beyond the minimal coupling model, which
g,— Ref. [1] J gives 96% gg, 4% qqg at LO)
% ;A MAMM/: J=1 models have signal produced via qq
O YT 77 =773 annihilation (gg forbidden by Landau Yang)
e | .ng's”exi‘ -1 JP=0"models from gg production (gq negligible)

m,, [GeV]
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Bosonic decay channels

Find observables in bosonic channels sensitive to spin and parity
that also preserve background discrimination

YY-

= JP=0*tested against J = 2+ (no parity sensitivity)

= Fit to the invariant di-photon mass and di-
photon separation angle

Y
w
H. w
w+
WW®™ 2evuv:

= JP=0*tested against J/= 1+, 1-, 2+
=  Fit to multivariate discriminant from boosted |-------
decision trees trained on 4 parameters

-

g-f—

o

Z2Z™) D[]

= JP=0*tested against J/=0-, 1+, 1-, 2+

= Fit to BDT discriminants trained on 2 mass
values, 2 production angles, 3 decay angles
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Signal model from MC

Standard Model Higgs (J°=0%)

= ZZM™ channel uses JHU MC generator

= NLO predictions from POWHEG MC for WW™ and yy channels

= Tuned to reproduce the re-summed p; calculation of the HQT program
= |nterfaced with PYTHIA8 for parton showering and hadronization

Alternate spin models (J,;")

= LO QCD predictions from JHU generator + PYTHIA8 parton showering
= Transverse momentum comes from parton showering in the initial state
= p;of resonance impacts angular variables

= For gg production, reweight p; spectrum
to POWHEG prediction:

W(pT) =

1

A

GPOWHEG

dGPOWHEG 1 dGPYTHIA
dp; o

PYTHIA dp T

= No p;re-weighting for the qq initial state (LO >
model has very large NLO QCD corrections) prYY
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Events /0.1

GATLAS
EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC
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Data sample and event selection

20.7 fb! of data at /s = 8 TeV from the LHC in 2012

Photon selection

19.12.2013

Energy scale calibration (and
smearing for MC) from Z-2ee

pr> 25 GeV

In|<2.37 excluding 1.37<|n|<1.56
(excluding calo. transition region)

n corrections from electro-
magnetic calorimeter pointing.

Rectangular “tight” ID cuts on
calorimeter shower shapes.

Isolation:
>E Cal (Ar=0.4) < 6.0 GeV
>p ek (Ar=0.2) < 2.6 GeV

Event selection
= Trigger: “loose” ID di-photon events

= Vertex reconstruction with artificial

neural network, using pointing
capabilities of the ATLAS EM calo.
as well as tracking information

= pg;/m,>035 p;,/m, >0.25
105 GeV <m,, <160 GeV

38.3% efficiency for gg—>0*
27.3% efficiency for gg—>2*
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Di-photon invariant mass spectrum
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Separate signal from background with fit to the yy mass
Excellent 1.77 GeV mass resolution
Fit a narrow signal peak near 125.5 GeV on top of

110 120 130 140

exponentially decreasing background
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Separate spin hypotheses: cos(6%)-s

Separate 0+ and 2+ spin hypotheses using the angular

correlation of the two photons

Yi Collins-Soper frame used to get
“Priadi+Hade reference axis 2’ for cos(6?)
7’ (CS) \9* = z-axis bisects angle between the

________________________ momenta of colliding hadrons

Minimizes impact of ISR

PHadron1 Phiadronz = Better 0* / 2+ discrimination
Ve O S
I 4 1.2 o 02 — J =2 (100% gg) - J =2}, (100% qq)
‘COSH* ‘— ‘smh(An ) 2pr Pr R — :
e 2N m S 0.15f Ref. [4] |
44 L : i
\/1 + (pT /m,, vy g : |
E’ OJ:::i::;::r== ]
: 5 F
Relative p; cuts on the photons 005\ araspreimnay L -
remove most correlation with myy/7 - Data 2012,vs =8 TeV. det 20716 ﬁ;
oL L Ll 1 L bee
0

qq->2* very similar to SM gg->0*

01 02 03 04 05 06 07 08 09 B
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Fit method

Side-bands

Events are divided into yy mass § T T
sidebands and signal region : TSl T
Side-bands: 1D fitinm,, o
= Background: O(5) Bernstein polynomial O o =20
= Constrains the background shape in the -

signal region of mass 3 -

LI.- 103 ‘ l
= . . 2 100 s ! i

Signal region: 2D m -cos(6”) fit g -2°:1,0+ " + N o S |

H H m,, [GeV]
= Product of two 1D shapes = 25, Signal reg|1c;r2|<m <130 GeV
|44

= Signal: Crystal ball + Gaussian
mass peak, cos(6*) shape
from MC

= Background: cos(6*)
shape from m,, sidebands

6000[”

Events | 2 GeV

40001

0
2000[~ \s=

Method assumes minimal
correlation between mass
and cos(0*) in background

200E”
100E”
0
-100
200E,
1

Events - Fitted bkg

= = . . ' 1
m,, projection x cos(6”) projection i,
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Events /0.14 rad
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Data sample and event selection

> N e A E A e S B
| 3 - ATLAS ~8- Dats
WW® 23evuv analysis uses full 2 1000} fo-5 10 fLar- 2071 = o
20-7 fb-1 Of data at Js=8 Tev % 800‘ H—-WW*—evuv/uvev + 0 jets E ;W\ivi\lé;ss
= Trigger on isolated single-muon and i = vz
single-electron events with p,>24 GeV 600 [ Singe Top

Lepton selection
= |nferton| < 2.5 (inside tracker volume) 200
= p,lertont 5 25 GeV and p,erPon2 > 15 GeV

0
o 1.4F
g 12 .
Event selection S
= Veto events with jets g 7 . e > m [Ge\z,?o

= Require exactly 1 electron and 1 muon
of opposite charge

= Di-lepton transverse momentum cut

Transverse mass distribution
after selection (signal region)

(reduce Z+jets): p; > 20 GeV
= Di-lepton invariant mass: m, < 80 GeV E"™ A¢ 2%
= Azimuthal separation of leptons: A, <2.8  |MET =1 -
= MET,,, > 20 GeV ;™ -sindg Ap<
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Estimating the primary backgrounds

MC simulation distributions normalized to
observed rates in control regions

ww
= Control region: no Ag, cut, m, cut inverted
=  Subtract off non-WW contributions (from MC)

Z/y* + Jets
= Control region: invert A, cut, remove p;' cut
= Suppressed in signal region by METg,, cut

W + hadronic jet mis-tagged as a lepton
= Control region: “reversed” lepton selection
= Fully data-driven estimation

Di-boson (WW, WZ/y*, ZZ/y*)

= Shapes and normalizations estimated from
MC, checked in validation regions

Top quark (tt and single top) production

= Estimated in 2 CR: (1) all events after METg,
cut (2) events with 1b-jet after METR,, cut
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Analysis method

2 L amas —Foo
; - Simulation Vs =8 TeV Pt
§ 0.3 H— WW* — evuv/uvev + 0 jets ... P= _:
5 Ref. [2] -
- L \ A

% 1 3
A¢ [rad]

0.4

0.3

Arbitrary units

0.2

0.1

T I T T
ATLAS

:— . . — F=0 _
_ Simulation Vs =8 TeV ]
E H— WW* — evuv/uvev + 0 jets =" Jf=2 fqa = 25%;
- Ref. [2]
S e -
- N Ll L _| """"" ]
20 40 60 80 100
m, [GeV]

Spin correlations between decay products affect event topologies
= Can’t directly calculate angles due to non-interacting neutrinos
= m, and and A¢, are the two variables most sensitive to spin

Use boosted decision trees to perform shape-based analysis

Train 2 BDT classifiers for each hypothesis test: one to distinguish
SM JP=0* from all the backgrounds, one to separate alternative
spin hypotheses (JF=2*, 1+, 1-) from all backgrounds

= 4 variables: m,, A¢,, p;, m; sensitive to spin, reduce background
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BDT output

2D distributions of BDT classifier outputs used in binned

likelihood fits to test compatibility with each J° hypothesis

= Construct unique 2D BDT distribution for each hypothesis test

Overall, test separation of Standard Model JP=0* hypothesis
against J=1+,1-,2* (no sensitivity to 0)
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5 o — Background
= 0-4§ Simulation Vs =8 TeV — F_o E
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< 03F =
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0.15F =
ot -
0.05F —— =
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|

L e i
-1 -0.8-0.6-0.4-0.2

Cl L
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08 1
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Expected BDT output distributions in

the signal region, trained with JP=0+
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Expected BDT output distributions in
the signal region, trained with JP=2+
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Data sample and event selection

N
o

4.6 fb! of data at \/s=7 TeV and
20.7 fb! of data at /s=8 TeV

Trigger: single and di-lepton events

Events/5 GeV
w

w
o

Electron selection
pFe >7 GeV, |ngel <2.47
Optimized multi-lepton identification

Muon selection
= p#>6GeV,|nl<27
Muon ID cuts (described in Ref[7])

Lepton isolation & impact parameter cuts

Event selection
Tighter cuts on the leading lepton p;

a
T

® Data2011+2012
- [ SM Higgs Boson

= % Syst.Unc.

100

m,;=124.3 GeV (fit)
- [_] Background Z, ZZ*
C [ Background Z+jets, tt

ATLAS
H—ZZ7*—4l
Vs=7TeV [Ldt=4.61fb"
Vs=8TeV [Ldt=20.7 fb"

Ret. [3]

250
m,, [GeV]

150 200

Small branching ratio & large S/B

Require 2 pairs of same-flavor opposite-charge leptons
Select pair with mass closest to Z mass, require 50 < m,, < 106 GeV

Events categorized by flavor of lepton pairs to increase sensitivity

Study spin-sensitive observables in 115 GeV<m <130 GeV window
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Background estimation

Non-resonant ZZ is the dominant (irreducible) background
Estimated from MC, normalized to NLO calculations

Z+jets and tt estimated from data control regions

Estimate transfer factor using background-enriched region in MC

Events/4 GeV

[ 4u
- Vs=8TeV: [Ldt=20.7 fb"
50

L e Data

40  — Z+jets and tt fit
30C  mm Z+jets

[ g
201

10F

50 60 70 80 90 100

6o ATLAS Preliminary  Ref. [7]

m,, [GeV]

Il + - control region

Reverse isolation and

impact parameter cuts
= QObtain yields of Z+jets and
tt with fit to control region

>
[
01 80
160

[ T ‘ T T T ‘ T T T L > [ T T T ‘ T T T T ‘ |
e imi . - @180 eData . ] -
. ATLAS Preliminary Ref [7] T 6T P shral (m =125 GeV) Ref [7 ]
T wrwlete st ; 4 2160-mzz ATLAS Preliminary
. _ . _ 1 7 1 €, [ BZ+ets, tt utu/ee+ete ]
3 \‘E =7 Iex'{tdt - ;'6 ﬂi .7 E I_‘|'>J’1 401 7systUnc.  [5=7TeV: [Ldt=4.6"
- s=8TeV:JLdi=20710 4 120f /s =8 TeV: [Ldt = 20.7 fo™|
r eData y ] r ]
— [Signal (mH=125 GeV) ‘ -

r Wzz

50 100
m,, [GeV]

3 control regions for Il + ete"

1. Relax isolation and impact parameter cuts

2. Reverse isolation and impact parameter
cuts for one lepton

3. Same-flavor same-sign di-electron pairs
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Analysis strategy

Many observables provided by
the fully reconstructed 4 lepton
final state

= Production angles ®,, 6* and
decay angles 0,, 6,, ®,
illustrated in the figure

" My, and m,, pllay avery
important role in discrimination

Combine angles using
multivariate discriminant based
on a boosted decision tree

Independently train BDT classifiers for each signal hypothesis

= 7 input variables: 5 production and decay angles as well as
masses of the two Z bosons (m, , and mg )

= Test SM JP=0* as well as JP=0-, 1+, 1-, 2+
= For JP=2+, train BDTs for different fractions of gg—=>2+ production
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Analysis strategy (continued)

Responses of BDTs evaluated
separately for each pair of signal

hypotheses

= Perform signal-plus-background fit to
the BDT discriminant for each

hypothesis

Improve overall sensitivity by
evaluating BDT responses in regions
with high and low signal/background

= Low S/B: 115 <m <121 GeV or
127 <my <130 GeV

= High S/B: 121< m,, < 127 GeV

Analyses using matrix element-based
discriminant give compatible results

19.12.2013
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Normalised to unity
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Likelihood model for all channels

Each channel has observables that discriminate between J°
hypotheses and between signal and background

Construct a likelihood function L that depends on the spin-
parity assumption of the signal

= Product of conditional probabilities over binned distributions of the
discriminants:

JP-dependent signal expectation
p N, Channel N Bins
(o) [T TTe(v,

J i

‘P
;8! 0)+B,,(0)]x A,(6)

Poisson Constraint
Component Component

= pis the signal rate nuisance parameter in the channel j, and is
treated as an unconstrained nuisance parameter

= O represents the other nuisance parameters
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Construct a likelihood ratio test-
statistic to separate hypotheses

A
A

L(JP =o+,,:¢0+,é0+)

P A A
LlJ 0
>ty U5

q =log

A A
. ﬁ and 0 represent the fitted signal strength
and other nuisance parameters

Get expected distribution of test
statistic from unconditional ensemble
tests (MC pseudo-experiments)

= Values of nuisance parameters like y are
fixed to those from fit to data

Calculate CLg from p, values from
ensemble test statistic distributions

pO(‘]jlt)
1- Po (0+)

CLS (J Zr) =

Normalised to unity

Statistical test for all channels

03__ I LI L L B I B B L x—_
- atas Ret 2l _py,
C \s=8TeV [Ldt=207f" --gP-2r
0.2 (f_=0%)
: = Qobserved
0.15F /] N
S
o
0.1— p (0+) C ]
0 ! ]
- ! I Po(2+)§
0.05 A
§ |

Example distributions of the
test statistics g,.(q) and g..(q)
from pseudo-experiments.
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Results for JF/=2+ test

Expected and observed values of the test statistic as a function of
the qg—->2*+ production fraction by channel

Sensitivity for the channels is complementary

= yy has better hypothesis discrimination at low f,

= ZZ1 sensitivity is stable with respect to £,

= WW®™ have better discrimination at high £,
Observations in each channel favor SM JP =0* over 2+

AV channel ZZ™) channel WW®*) channel
S 1 1 3 o 10 ] T ] o ]
1 4—ATLAS - ATLAS ] 251 ATLAS . Data Spln
1 H - vy ¢ Data Spm O 8 TH—> ZZ( — 4 ¢ Data Spln 0 [ H—= WW* — evuv/uvev Signal hypothesis R ]
© s=8TeV [Ldt=2071f" Signalhypotnesis Elo E [ Vs=7TeV [Lot=46f" Sional hypotnesis El %o ] 20:_@ =8 TeV [Ldt=207fb" of=o [20]
10_‘ e DZL_ 6_ s=8TeV [Ldt=20716" oo _ ¢ ch: of oo ]
5 Ref. [2] vor ' Ref. [2] .2 | 15Ref. [2] i
L, - 4_ L o
6 . L 4

- O 1 1 1 25 1 1 1 50 1 1 1 75 1 1 I100
f g (%]

O 1 1 1 25 1 1 1 50 1 1 1 75 1 1 I100
fq (%)
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CLg from the combination of channels

ATLAS Ref. [2] ATLAS Ref. [2]
H— yy ¢ Data H— yy ¢ Data
Vs=8TeV fLdt =20.7 fo! Vs=8TeV fLdt=207 fb!
v CL, expected v CL, expected
H— 27" -4l assuming JP=0" H— 27" -4l assuming J" =0"
Vs=7TeV [Ldt=4.61" Vs=7TeV [Ldt=4.6b"
4 O=z1o » Oz1o
s=8TeV [Ldt=207 b Vs=8TeV [Ldt=20.7 b
H — WW* — evuv/uvev H — WW* — evuv/uvev
Vs=8TeV fLdt =20.7 b Vs=8TeV fLdt=20.7 fb™!
. — 1F _
o
-
10"
I
@)
102
10
1074}
107}
10°" P P_ 4+ P P +
0 25 50 75 100 JP=0" JP=1" JP=1 JP=2¢

f_ (%)

qq
Exclusion of JP=2* with respect to the Standard Model J°=0* extends
beyond 3o significance for all fractions of gg—>2* signal production

In addition, the data clearly disfavors J°=0-, 1+ and 1- hypotheses in
favor of the Standard Model hypothesis

19.12.2013 Andrew Hard - The University of Wisconsin Madison



Conclusions

ATLAS has made significant progress in understanding
the spin/CP properties of the new boson with the yy,
WwW®™, and ZZ* channels

Hypothesis tests on 7 TeV + 8 TeV dataset strongly
favor the Standard Model hypothesis (J°=0%)

= Exclude minimal JP/=2* models at > 3o significance
= QOther models (JF= 0, 1+, 1°) disfavored by data

Stay tuned for final 7 TeV + 8 TeV dataset publications!
= |ncluding tests of signals with CP admixture
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Appendix



Experimental systematic uncertainties

vy channel

= cos(0%) shape uncertainty from JP=2+ MC p; modeling

= Interference with non-resonant yy background

= 2% uncertainty due to residual correlation between m, and cos(6)
= Spurious signal from background model bias

WW channel

= Dominated by jet energy scale and resolution uncertainties

= |epton energy scales and resolutions

= Wi+jets background CR->SR transfer factor

= JP=2* p; spectrum shape uncertainty

= Theory shape and normalization uncertainty for WW background

ZZ channel

= Shapes of BDT output, normalizations of different S/B regions due
to lepton energy scale and resolution

= +10% on normalization of high and low S/B mass regions
(uncertainty on Higgs boson mass)

= Others related to overall background yields
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Events / 0.1

yy channel: background-subtracted cos(0*) distribution

250

250

T T 17T I T T 17T I T T 17T I T T 17T I T T 17T ' ||||||||||||||||
ATLAS Heyy — JL = 2+ Expected .
—8TeV fL dt=20.7 fb"

e JS=2"Data .
Bkg. syst. uncertainty :

+ Ref.[2] | (w-

_I LI I LI I TT 1T I Trrr I Trrr I Trrr ' IIIIIIIIIIIIIIII 1_. [

- ATLAS Heyy — JL = 0+ Expected . e -
o00f- Vs =8 TeV fL dt=207f" © S=0"Data - £ 200
C Bkg. syst. uncertainty 7] o) C

C _ '-'>J C
1501~ Ref. [2] . -150_—
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Fit (points) and 0+ expectation (line)
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lcos 67

02 03 04 05 06 07 08 09

—

Icos 67

Fit (points) and gg->2* expectation (line)
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yy channel: correlation between m, ,, and cos(6%)

ATLAS \E=8TerLdt=20.7fb'1 R gof T T T
_ S F ATLAS
= sana ot — e e — M 22Indf=15.9/21
O] i p— i = n 3
S 150F £  Vs=8 TeV (CL=0.775)
- — N 40F _
140k ;det=2o.7fb"
. B 30 -
130F
. -1 .
F o0k E
120[ — -2 -
; — -3 10F -
110 -4 -
0 0.10203040506070809 1 72 0= 2 0T s s
Icos 67l (n°P5-n®P) /o

2D analysis assumes no correlation between the two
observables. This assumption can be checked in data

Compare the 1D x 1D expectation to the observed events

Gaussian distribution of fluctuations from the
m,, xcos(6*) expectation - correlations between
variables are small
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WW® channel: signal and background expectations

Process | Expected or observed events

WW 2190 = 20
WZ/ZZ/\WNy 230 =10
tt 180 = 10
tW/tb/tgb 120 + 10
Z+jets 290 = 20
W-+jets 280 =10
Total Background 3280 + 20
Signal JP=0+ 170 = 1
Signal JP=2+* 110 = 1
Observed 3615
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WW®™ channel: templates in discriminating variables
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WW®™ channel: templates in discriminating variables
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WW® channel: systematic uncertainties

19.12.2013

Source

Uncertainty (%)

Jet energy scale & resolution
WW normalisation, theory
W+jets fake factor

Lepton scale & resolution
Other backgrounds, theory
Pileup modelling

PDF model

E,]}““ scale & resolution

+ 9
+ 9
+ 3
+ 6
+ 5
+ 4
+ 4
+ 3
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ZZ™ channel Z+jets control region
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ZZ™ channel control regions
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The ATLAS Detector

25m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector '

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker
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Particle detection with ATLAS

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to

. the detector
'

Calorimeter ‘ ﬁg@

Solenoid magnet magnet
Trcnsmon
Rad |ahon

Tracking Tracker
Pixel/SCT detector

Electromagnetic

O
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