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Motivation

» Test electroweak sector of Standard Model
= |Important background in studies of Higgs boson

= Sensitive to triple neutral-gauge boson couplings
= Notallowed in SM
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Cross Section Measurement Method

Measure the cross section in the detector’s fiducial region...

B kag efficiency correction for detector effects

N
fzd obs
(pp ~>77->4 l) L@ obtained by Monte Carlo

corrected by measured efficiencies in data

__ reconstructed events
generated fiducial events

. and then extrapolate to the Full phase space

—N
tot obs bkg
o (pp 2 ZZ) I ‘ C @ acceptance correction based on

kinematic and geometric selection

branching ratio crlter!a
correction _fiducial events
total events
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ZZ@13TeV: Production & Event Selection
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For 4 leptons with the same flavor,
select the pairs minimizing
|m1,2 : mzI + |m3,4 ) mzl
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= Exactly four isolated (AR, > 0.2) prompt final state leptons (e,p)
= All four leptons must have p; > 20 GeV

=  Electrons must satisfy |n| < 2.47
= At least one muon with |n| < 2.4, the remaining with |n| < 2.7

=  66GeV<|my<116 GeV
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/Z@13TeV: Cross Section

= Maximum-likelihood Ffit.

= Signal and background yields treated as

Poisson variables.
= Systematic uncertainties treated as
Gaussian nuisance parameters.

Measurement O(a?) prediction
B 54 Eiaat) D) i) b 69502 0
O 7 e eyt 14.7 +§ g(stat) +§§(syst.) fé:%(lumi.) b 13.61“?;:2;1 fb
agdzﬁ”ﬁ” P 6.8 +§3(Stat) f?.g(syst.) f?:?(lumi.) fb 6.91“8:3 fb
UEdZ—mw et 297 T3 6(stat.) foAs (syst.) fi3(lumi) fb 27454 3 fb
ool 16.7 T2-3(stat.) T02(syst.) T52(lumi.) pb 15.6101 pb
DOI: 10.1103/PhysRevLett.116.101801
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L=3.2 fb’

Total cross section vs Vs
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4l@8TeV: Production & Event Selection
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4l@8TeV: Background composition & Yields

Background composition

Process 4e 41 2e2
t 0454+0.24 0.68+0.19 1.3+05 : :
Derived from data-driven methods
Z +jets 0.6 £0.29 53+1.5 6.3+ 1.4 }
Diboson 1.254+0.18 0.83+0.18 2.84+0.34
Triboson 0.674+0.12 0.974+0.14 1.464+0.19 } Estimated from MC
Z+top  0.6240.15 1.19+0.32 1.740.5
Yields
Channel = NDate  NTotal e Nsignal NMC Nk
de 85 8044 68.4+ 3.4 6.24 4+ 0.31 1.28 & 0.06 3.6 0.5
4p 156 150.2+£29 1282425 11.00+£0.21 2.18+£0.09 90+£1.5
2e2p 235 205 £+ 5 172+ 5 16.04+ 0.4 3.0840.13 13.6+2.1
Total (476 43549 36949 333408 6544014 262+£36
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4l@8TeV: Cross Section
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gg — 4l Signal Contribution in m, > 180 GeV region

= Above m, > 180 GeV, gg — 4l is dominated by
the continuum gg — ZZ — 4l process.

= Extracted from likelihood fit using reconstructed
m,, distributions.

= Uncertainties treated as fully correlated between
gg and qq processes.

Result:

m,, is used as thediscriminant w.r.t. LO prediction: pg,=

b, = 2.411.0(stat.)+0.5(syst.)£0.8(theory)

Corresponds to gg-initiated cross section of 3.1fb.

d(LO)

Same relative uncertainties as p__ in fiducial volume including m, > 180 GeV.
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Zy@8TeV: Production & Event Selection

Iy | Same flavor, opposite-charge isolated leptons
= Isolated photon with E;v> 15 GeV
u mu > 40 GeV

= Lepton-photon separation:
= AR>0.7

VVYy| . E,miss > 100 GeV

Ev>130 GeV

|A@(p;miss, y)| > n/2

Inclusive events: No requirements on jets (Unconstrained hadronization)
Exclusive events: count jets with E_ > 30 GeV, |n|<4.5,

and classify events w.r.t Njets.
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Zy@8TeV: Background Composition

= |+|'y Background:
= Dominated by hadronic jets misidentified as prompt photons.
Estimated using Data driven methods

= Smaller backgrounds originate from tty, WZ, tty
Estimated from simulation

= vvy Background:
= Mismeasured jet momenta
Wy
= Real E,miss, misidentified photons from jets

11/04/2016 DIS2016
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/y@8TeV: Cross Section Measurement
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Anomalous Triple Gauge Couplings (aTGC)

= ATGCs for Zy production can be parametrized by four
CP-violating (h.Y, h.V) and four CP-conserving (h.", h V)

11772 314
complex parameters where V=172, y.
= SM prediction for the parameters is 0.
= Limits from this study are expressed in terms of the

CP-conserving h.Y, h,Y,h % h 2.

= The aTGC contribution to the cross section is
expressed as second order polynomial of these

couplings.
77 example/:n = Limits set for A=«~and A =4TeV.
dosm+tce =<§@+ﬁFm+ffF02 + fYFo3 + f£Foq | ) [ Hich
2 v Ni whi
+ (ﬁf) Fiu+ ff{Fo+ flfIFis+ flfiFu h;/: hy, co;ttrilgust(;gr\esaff'om c
2 n .
+ (ff) Fa+ fLfIFn+ f{fiFau (1+%) new physics become
N (fsy)z Fys+ f7fZF3 observable
2
+ (f52 Fyq4 = Exclusive, zero-jet selection used to set the limits.
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Zy@8 TeV Comparison of SM with aTGC

Photon transverse energy for exclusive vvy events.
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aTGC inclusion increases the yield

in the high E,v region.

DIS2016
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Limits on ZZy (h.,%, h,%) and Zyy (h.Y, h,Y) aTGCs

3117
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Conclusions

= ZZ production cross section measured at 13 TeV (3.2 fb-1).
= Total uncertainty ~15%, statistically dominated.
= Agreement with NNLO SM prediction.

= 4| production cross section measured at 8 TeV (20.3 fb-1).
- 0,=73%4+4+2fb
= Compatible with SM prediction of 65 + 4 fb

= Zy production cross section measured at 8 TeV (20.3 fb-1).
= Measurement compatible with the NNLO SM prediction.

= No deviation from SM predictions — aTGC limits on Zy production.

= Most stringent limits to date.

Measurement of the ZZ production cross section in rXiv:1512 14
pp collisions at sqrt(s)=13 TeV with the ATLASw 2 :1512.053
detector

Measurements of four-lepton production in pp .
collisions at vV s = 8 TeV with the ATLAS detector arxXiv:1509.07844
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ZZ — 4e candidate event

A AR

EXPERIMENT

Run Number: 284006, Event Number: 57271692

B a‘ k l I p ; o Date: 2015-10-29 04:23:25 CET




ZZ at 13 TeV Event Display & Background

ATLAS

EXPERIMENT

Main background sources:

= 77— 2127, 4t

= Nonhadronic triboson processes
= Lepton misidentification
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Events /0.2

ZZ at 13 TeV 4l Kinematics
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ZZ at 13 TeV Background Composition & Yields

Background process Expected events

27— 221,41 0.07 £0.02

777, WZZ, WWZ 0.17+0.05 ¢ Estimated from MC

ttZ 0.30+0.09

1-2 misidentified leptons*  0.09*1-%®  Derived from data-driven methods

Total 0.6 Z?O:OISf ~PDominated by small number of events in control samples

4 )
N Yields

s £,(V)

9 b Channel de 2e2 4p Total 4¢
L 7 /]
g 4 - ( Observed 15 30 18 63
y jet Expected background ~ 0.20+0.05  0.25'%:40  0.17+1:90  0.6271-%
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ZZ at 13 TeV Efficiency & Acceptance

C,,corrects measured cross section for detector effects

de 2eZp 4an

Czz 0.55+0.02 0.63+0.02 0.81+0.03
C,,Uncertainties
Source 4e 2e2p  4p
Statistical 0.7 0.5 0.5
Theoretical 2.5 2.5 2.5
Experimental efficiencies 2.3 2.2 2.0
Momentum scales and resolutions 0.4 0.2 0.1
Total 35 3.3 3.2
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tot

0]

— Nobs_kag
L-BR-C:A

A, =0.39+0.02
for all channels

A_ extrapolates fiducial cross section to total cross section

A, Uncertainties
Source Uncertainty
Statistical 0.9
Generator 3.4

Parton shower 0.8

PDFs 0.8
QCD scales 0.3
Total 3.7

DIS2016
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ZZ at 13 TeV Fiducial Cross Section Results

IIIIIIIlIII
pp — 2Z — 4l

Fiducial e b
4e | . \s=13TeV, 3.2fb"
® Measurement
2e2u : © Tot. uncertainty
Stat. uncertainty
a2 prediction
4u : ¢ t1o
+2c
Combined T = Theory: PLB 750 (2015) 407
| | | | CT1|0 NNLO| |
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Gdata/ Gtheory
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4| at 8TeV Fiducial and Extended Phase Space

Fiducial Phase Space

Lepton selection

Muons:
FElectrons:

pr > 6 GeV, || < 2.7
pr > 7 GeV,|n| < 2.5

Lepton pairing

Leading pair:
Sub-leading pair:

For both pairs:

SFOS lepton pair with
smallest |mz — myy|
The remaining SFOS
with the largest my,

P Y > 2 GeV

Event selection

l1,05,¢
Lepton pp7"27%:

Mass requirements:

Lepton separation:

J /1) veto:

4/ mass range:

> 20,15,10(8 if p) GeV
50 < mio < 120 GeV
12 < m3gy < 120 GeV
AR(l;,£;) > 0.1 (0.2)
for same- (different-)
flavour leptons
m(lf,67) > 5 GeV

80 < muye < 1000 GeV

11/04/2016

DIS2016

Extended phase space

80 <m, < 1000GeV

m, >4 GeV

P.7>2 GeV

Four leptons with p_>5 GeV
and |n| < 2.8

Common phase space where electrons
and muons have the same geometric
and kinematic acceptance
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4| at 8 TeV Efficiency & Acceptance

4e 2e2| 4u
C,  533% 67.7% 822%
C,,Uncertainties
Sources ACy, / Clyr
de Ap 2e2p
Experimental (e) 4.8% - 2.3%
Experimental (p) - 1.8% 0.9%
Theoretical 0.1% 0.1% 0.2%
Extra gg corrections 0.6% 02% 0.3%
Combined uncertainty 4.9% 1.9% 2.5%

11/04/2016

ext __ N s kag
L-BR:C-A

4e 2e2u 4u

A, 41.6% 422% 50.3%
A_ Uncertainties
AAye/Ax

Sources de 4u 2e2y

Theoretical 1.2% 1.0% 1.6%

Extra gg corrections 4.0% 3.0% 3.9%

A(Ayr x Cyp)/(Asge x Cyp)
Theoretical 1.4% 1.1% 1.7%
Extra gg corrections 4.6%  3.2% 4.2%
DIS2016

24



Particle reconstruction for ZZ

= Muons
= Matching a track in the MSto a trackin ID.

= Momentum calculated by combining information on the two systems,
correcting for energy deposition in the calorimeter.

= For limited coverage regions, match calorimeter signal consistent with
muons to ID tracks

= Electrons
= Matching energy deposition in calorimeter with ID track.

= Algorithm uses several identification criteria relying on shapes of EM
showers.
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ZZ(*) Signal Simulation

POWHEG-BOX MC for qgbar, ggF and VBF

* Includes perturbative QCD corrections at NLO
= qg initial state and NLO contribution to qgbar process

PYTHIAS for VH and ttbarH
MFCM (LO) fFor non-resonant ggF
MADGRAPH (LO) for non-resonant VBF and VBS

11/04/2016 DIS2016
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