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Latest results: 

• τ Polarization in  

Z/γ* !  ττ at 8 TeV 
[arXiv:1709.03490]


• 3D cross section 
Z/γ* !  ℓℓ at 8 TeV 
[arXiv:1710.05167]


• EW Zjj (VBF) 
at 13TeV 
[PLB 775 (2017) 206]


• ZZ !  ℓ+ℓ-ℓ’+ℓ’-  
at 13TeV 
[PRD 97 (2018) 032005]


• WWγ and WZγ 
at 8 TeV 
[EPJC 77 (2017) 646] 

2

Introduction

/ 13
Lake Louise Winter Institute 

20.02.2018

pp

total (x2)

inelastic

Jets
R=0.4

dijets

incl.

!

fid.

pT > 125 GeV

pT > 25 GeV

nj ! 1

nj ! 2

nj ! 3

pT > 100 GeV

W

fid.

nj ! 0

nj ! 1

nj ! 2

nj ! 3

nj ! 4

nj ! 5

nj ! 6

nj ! 7

Z

fid.

nj ! 1

nj ! 2

nj ! 3

nj ! 4

nj ! 5

nj ! 6

nj ! 7

nj ! 0

nj ! 1

nj ! 2

nj ! 3

nj ! 4

nj ! 5

nj ! 6

nj ! 7

t̄t

fid.

total

nj ! 4

nj ! 5

nj ! 6

nj ! 7

nj ! 8

t

tot.

Zt

s-chan

t -chan

Wt

VV

tot.

ZZ

WZ

WW

ZZ

WZ

WW

ZZ

WZ

WW

!!

fid.

H

fid.

H" !!

VBF
H" WW

ggF
H" WW

H" ZZ " 4"

H" ##

total

WV

fid.

V!
fid.

Z !

W !

t̄tW

tot.

t̄tZ

tot.

t̄t!

fid.

Wjj
EWK

fid.

Zjj
EWK

fid.

WW
Excl.

tot.

Z!!

fid.

W!!

fid.

WW!

fid.

Z! jj
EWK

fid.

VVjj
EWK

fid.

W ±W ±

WZ

$
[p

b
]

10#3

10#2

10#1

1

101

102

103

104

105

106

1011
Theory

LHC pp
!
s = 7 TeV

Data 4.5# 4.9fb#1

LHC pp
!
s = 8 TeV

Data 20.3fb#1

LHC pp
!
s = 13 TeV

Data 0.08# 36.1fb#1

Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
$

s = 7, 8, 13 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-18
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-04
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-09
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-15
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-05


whereh0 denotes neutral particles produced in the⌧ decay, which are mostly neutral pions.

The shapes of⌥ distributions for the left-handed and right-handed reconstructed single-prong⌧ candidates
obtained from simulation after the full event selection are shown in Figure1.
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Figure 1: Charged asymmetry distributions as deÞned in Eq. (3) for left-handed (left) and right-handed (right)
single-prong reconstructed⌧had leptons in simulatedZ/�⇤ ! ⌧⌧ decays after the full event selection in the⌧µÐ⌧had

channel. The charged asymmetry is calculated from stable-particle-level (top) and reconstructed detector-level (bot-
tom) quantities. In addition to the inclusive distributions, the constituent distributions corresponding to generated
⌧ leptons that decay in the⌧ ! h±⌫ and⌧ ! h±⇡0⌫ (h± denotes⇡± or K±) modes are overlaid, as well as that of
the remaining decay modes. The latter mainly consist of⌧ ! h±N⇡0⌫ decays, whereN � 2. The analysis does
not, however, distinguish between the decay modes. The distributions are normalised according to their respective
cross-sections. Here, the polarisation is taken from the simulation.

The⌥ spectra include e↵ects that originate from the acceptance, object reconstruction, and e�ciencies
as well as the event selection.
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• Polarization is measure of the degree of parity violation

• Final state: semi-leptonic τ τ with 66 GeV < mτ τ < 116 GeV


• looking at τeτhad and τμτhad channels

• 1-prong hadronic τ used to measure polarization


• asymmetry of energies carried by charged and neutral pions " :


• Split signal sample using helicity information from TAUOLA:
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6 Observable for⌧ polarisation

The spin of the ⌧ lepton manifests itself in the kinematic distributions of its decay products.

The ⌧ decay mode exhibiting the highest sensitivity to the ⌧ polarisation is ⌧± ! h±⌫, where h± denotes
⇡± or K± (branching ratio, B, " 11.5% [40]). The branching ratio of the decay mode involving a ⇡±

exceeds that of the mode involving a K± by more than an order of magnitude. This also holds for the
⌧ decay modes described below. In the ⌧ rest frame, the neutrino (always left-handed) is preferentially
emitted opposite to the ⌧# spin orientation.

The angle ✓ between the ⌧ flight direction in the laboratory frame and ⇡± flight direction in the ⌧ rest frame
is the primary observable sensitive to ⌧ polarisation. It cannot be measured directly at hadron colliders
because insu�cient information about the initial state is available. However, ✓ a↵ects the momentum
fraction carried by the h± resulting in a larger acceptance for right-handed than for left-handed ⌧# in
⌧# ! h#⌫ decays.

Another ⌧ decay mode, ⌧± ! h±⇡0⌫ (B " 25.9% [40]), plays an important role in the polarisation meas-
urement. It o↵ers the kinematic simplicity of a two-body decay, since it goes mostly through sequential
decays ⌧± ! ⇢±⌫, ⇢± ! ⇡±⇡0, but the sensitivity to the angle between the ⌧ direction of flight and ⇡±

is lower, due to the mixing of longitudinally and transversely polarised ⇢± vector mesons. The products
of the ⇢± ! ⇡±⇡0 decay are experimentally accessible and their angular distributions as well as their
energies depend on the helicity of the vector meson.

The angle between the direction of flight of the ⇢± meson and ⇡± in the ⇢± rest frame is related to the
energy–sharing between the ⇡± and the ⇡0 and is sensitive to the ⌧ helicity. Thus for these decays, an
asymmetry of energies carried by the charged and neutral pions and measured in the laboratory frame is
defined as:

⌥theory =
E⇡± # E⇡0

E⇡± + E⇡0
. (2)

This asymmetry carries high sensitivity to polarisation and was e↵ective in measuring the ⌧ polarisation
in the decay W ! ⌧⌫ [7].

The other decay modes considered are the modes with more neutral pions (⌧± ! h±N⇡0⌫, N $ 2),
and decay modes with three charged mesons, where two tracks are lost, and a small admixture of other
modes. In this class of decay modes the dominant mode is ⌧± ! h±2⇡0⌫, with B " 9.3% [40]. It has
more complicated kinematics than ⌧± ! h±⇡0⌫, but it also contributes to the polarisation sensitivity. The
contributions from other channels are small. For example the branching ratio of ⌧± ! h±3⇡0⌫ is only
" 1% [40].

The asymmetry defined in Eq. (2) is approximated using the experimental observables. In this approach
the pT of a single track associated with the ⌧had candidate replaces the energy of the ⇡± . Since the
energies of neutral pions are not measured directly, the di↵erence between the ⌧ lepton visible ET, defined
below, and the track pT is used in place of the ⇡0 energy. As the minimum ⌧had pT required is 20 GeV,
the ⌧ leptons are relativistic enough to use this approximation. The visible ET of ⌧had candidates is
reconstructed using the energy deposit in the calorimeter [38]. Therefore, the charged asymmetry is
given by:

⌥ =
E⇡

±

T # Eh0

T

E⌧had-vis
T

= 2
ptrack

T

E⌧had-vis
T

# 1, (3)
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whereh0 denotes neutral particles produced in the⌧ decay, which are mostly neutral pions.

The shapes of⌥ distributions for the left-handed and right-handed reconstructed single-prong⌧ candidates
obtained from simulation after the full event selection are shown in Figure1.
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Figure 1: Charged asymmetry distributions as deÞned in Eq. (3) for left-handed (left) and right-handed (right)
single-prong reconstructed⌧had leptons in simulatedZ/�⇤ ! ⌧⌧ decays after the full event selection in the⌧µÐ⌧had

channel. The charged asymmetry is calculated from stable-particle-level (top) and reconstructed detector-level (bot-
tom) quantities. In addition to the inclusive distributions, the constituent distributions corresponding to generated
⌧ leptons that decay in the⌧ ! h±⌫ and⌧ ! h±⇡0⌫ (h± denotes⇡± or K±) modes are overlaid, as well as that of
the remaining decay modes. The latter mainly consist of⌧ ! h±N⇡0⌫ decays, whereN � 2. The analysis does
not, however, distinguish between the decay modes. The distributions are normalised according to their respective
cross-sections. Here, the polarisation is taken from the simulation.

The⌥ spectra include e↵ects that originate from the acceptance, object reconstruction, and e�ciencies
as well as the event selection.
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whereh0 denotes neutral particles produced in the⌧ decay, which are mostly neutral pions.

The shapes of⌥ distributions for the left-handed and right-handed reconstructed single-prong⌧ candidates
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channel. The charged asymmetry is calculated from stable-particle-level (top) and reconstructed detector-level (bot-
tom) quantities. In addition to the inclusive distributions, the constituent distributions corresponding to generated
⌧ leptons that decay in the⌧ ! h±⌫ and⌧ ! h±⇡0⌫ (h± denotes⇡± or K±) modes are overlaid, as well as that of
the remaining decay modes. The latter mainly consist of⌧ ! h±N⇡0⌫ decays, whereN � 2. The analysis does
not, however, distinguish between the decay modes. The distributions are normalised according to their respective
cross-sections. Here, the polarisation is taken from the simulation.

The⌥ spectra include e↵ects that originate from the acceptance, object reconstruction, and e�ciencies
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• Extended binned maximum-likelihood fit to the "  
distribution simultaneously in signal and a same-sign 
control region


• Extract polarization in fiducial and mass-selected 
region using different splitting of signal sample


• Post-fit plot for both channels in the signal region in 
mass-selected region 
 

• Results are in good agreement with Standard Model 
prediction of:

• mass-selected region: Pτ = -0.1517 ± 0.0019

• fiducial region:             Pτ = -0.270   ± 0.006

4

"  Polarization in Z/ #* $  "  "  at 8 TeV

/ 13
Lake Louise Winter Institute 

20.02.2018

E
ve

nt
s 

/ 0
.1

25

0

500

1000

1500

2000

2500

ATLAS
-1 = 8 TeV, 20.2 fbs

 channel
had
τeτSignal region, 

Data Left-handed Right-handed

Outside mass range +jetsW Multijet

Others Uncertainty (total)

ϒ
1− 0.5− 0 0.5 1 1.5O

bs
. /

 e
xp

.

0.9
1

1.1

E
ve

nt
s 

/ 0
.1

25

0

500

1000

1500

2000

2500

ATLAS
-1 = 8 TeV, 20.2 fbs

 channel
had

!µ!Signal region, 

Data Left-handed Right-handed

Outside mass range +jetsW Multijet

Others Uncertainty (total)

"
1# 0.5# 0 0.5 1 1.5O

bs
. /

 e
xp

.

0.9
1

1.1

ϒ

1− 0.5− 0 0.5 1 1.5

Ev
en

ts
 / 

0.
12

5

0

200

400

600

800

ATLAS
-1 = 8 TeV, 20.2 fbs

 channelhadτeτSame-sign region, 

Data Left-handed Right-handed

Outside mass range +jetsW Multijet

Others Uncertainty (total)

ϒ

1− 0.5− 0 0.5 1 1.5

E
ve

nt
s 

/ 0
.1

25

0

100

200

300

400

ATLAS
-1 = 8 TeV, 20.2 fbs

 channel
had
τµτSame-sign region, 

Data Left-handed Right-handed

Outside mass range +jetsW Multijet

Others Uncertainty (total)

Figure 5: Post-fit⌥ distributions for the ⌧e–⌧had (left) and ⌧µ–⌧had (right) channels, and for the signal (top) and same-
sign (bottom) regions for the fit that extracts the ⌧ polarisation in the mass-selected region of 66 < mZ/�⇤ < 116 GeV.
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Figure 5: Post-fit⌥ distributions for the ⌧e–⌧had (left) and ⌧µ–⌧had (right) channels, and for the signal (top) and same-
sign (bottom) regions for the fit that extracts the ⌧ polarisation in the mass-selected region of 66 < mZ/�⇤ < 116 GeV.
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and ! µ–! had channels and for the combination.

Table 6: Measured ! polarisation values and overall uncertainties in the mass-selected region of 66 < mZ/ " ! <
116 GeV and in the fiducial region.

Channel P! in mass-selected region P! in fiducial region

! e–! had " 0.20 ± 0.02 (stat) ± 0.05 (syst) " 0.33 ± 0.03 (stat) ± 0.05 (syst)
! µ–! had " 0.13 ± 0.02 (stat) ± 0.05 (syst) " 0.26 ± 0.02 (stat) ± 0.05 (syst)

Combination " 0.14 ± 0.02 (stat) ± 0.04 (syst) " 0.27 ± 0.02 (stat) ± 0.04 (syst)

22

ee channel:

μμ channel:
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• Final state: fully leptonic:

• ee and μμ channels in central region (|η| < 2.4)

• ee in high-rapidity region


• Motivation is forward-backward asymmetry AFB

• due to parity violation

• asymmetry in decay angle between 

outgoing lepton and incoming quark:

• in Collins-Soper frame:


• sensitive to sin2 θW (analytically known at LO) and PDFs

• depends highly on mℓℓ and rapidity of dilepton system |yℓℓ|


• Perform three dimensional unfolding in central (high-rapidity) region:

• cos θ* in 6 (6) bins

• mℓℓ in 7 (5) bins

• |yℓℓ| in 12 (5) bins

• in total 504 (150) bins
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Initial-state QCD radiation can introduce a non-zero transverse momentum for the Þnal-state lepton pair,
leading to quark directions which may no longer be aligned with the incident proton directions. Hence,
in this paper, the decay angle is measured in the CS reference frame [26] in which the decay angle is
measured from an axis symmetric with respect to the two incoming partons. The decay angle in the CS
frame (! ! ) is given by

cos! ! =
pz,""

m"" |pz,"" |

p+
1 p"

2 " p"
1 p+

2q
m2

"" + p2
T,""

,

wherep±i = Ei ± pz,i andi = 1 corresponds to the negatively-charged lepton andi = 2 to the positively-
charged antilepton. Here,E and pz are the energy and longitudinalz-components of the leptonic four-
momentum, respectively;pz,"" is the dileptonz-component of the momentum; andpT,"" the dilepton
transverse momentum.

The triple-di! erential cross sections are measured using 20.2 fb" 1 of pp collision data at
#

s = 8 TeV.
The measurements are performed in the electron and muon decay channels for|y"" | < 2.4. The electron
channel analysis is extended to high rapidity in the region 1.2 < |y"" | < 3.6. The measured cross sections
cover the kinematic range 46< m"" < 200 GeV, 0< |y"" | < 3.6, and" 1 < cos! ! < +1. For convenience
the notation

d3# $
d3#

dm"" d|y"" |d cos! !

is used. The cross sections are classiÞed as eitherforward (cos! ! > 0) orbackward(cos! ! < 0) and used
to obtain an experimental measurement ofAFB di! erentially inm"" and|y"" |:

AFB =
d3#(cos! ! > 0) " d3#(cos! ! < 0)
d3#(cos! ! > 0) + d3#(cos! ! < 0)

. (3)

2 ATLAS detector

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged particles in
the pseudorapidity1 range|$| < 2.5 are reconstructed with the ID, which consists of layers of silicon pixel
and microstrip detectors and a straw-tube transition-radiation tracker having a coverage of|$| < 2.0. The
ID is immersed in a 2 T magnetic Þeld provided by the solenoid. The latter is surrounded by a hermetic
calorimeter that covers|$| < 4.9 and provides three-dimensional reconstruction of particle showers. The
electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses lead absorbers for|$| <
3.2. The hadronic sampling calorimeter uses plastic scintillator tiles as the active material and steel
absorbers in the region|$| < 1.7. In the region 1.5 < |$| < 3.2, liquid argon is used as the active material,
with copper absorbers. A forward calorimeter covers the range 3.2 < |$| < 4.9 which also uses liquid
argon as the active material, and copper and tungsten absorbers for the EM and hadronic sections of the
subdetector, respectively.

Outside the calorimeters, air-core toroids supply the magnetic Þeld for the MS. There, three layers of
precision chambers allow the accurate measurement of muon track curvature in the region|$| < 2.7. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the interaction point to the centre of the LHC ring, and they-axis
points upward. Cylindrical coordinates (r,%) are used in the transverse plane,%being the azimuthal angle around the beam
pipe. The pseudorapidity is deÞned in terms of the polar angle! as$ = " ln tan(! / 2).
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• Iterative bayesian unfolding with 2 iterations to dressed level

• Bin-by-bin corrections to born level
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shows a plateau at small |y``| leading to a broad shoulder followed by a cross section falling to zero at the
highest accessible |y``|. The width of the plateau narrows with increasing m``. In the two high-precision
Z-peak mass bins, the measured cross-section values have a total uncertainty (excluding the common
luminosity uncertainty) of 0.4% for |y``| < 1 rising to 0.7% at |y``| = 2.4. At high invariant mass, the
statistical and experimental uncertainty components contribute equally to the total measurement precision
in the plateau region, increasing from 0.5% to 1.8%. The theoretical predictions replicate the features in
the data well. The lower panel of each figure shows the ratio of the prediction to the measurement.
Here, in addition to overall rate di↵erence already observed in the one-dimensional distribution, a small
tendency of the data to exceed the predictions at the highest |y``| can be seen in some of the mass bins.
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Figure 5: The combined Born-level fiducial cross section d�/dm``. The data are shown as solid markers and the
prediction from Powheg including NNLO QCD and NLO EW K-factors is shown as the solid line. The lower panel
shows the ratio of prediction to measurement. The inner error bars represent the data statistical uncertainty and
the solid band shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity
measurement is excluded. The hatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 7: The combined Born-level Þducial cross sections d3! . The kinematic region shown is labelled in each plot.
The data are shown as solid (cos" ! < 0) and open (cos" ! > 0) markers and the prediction from Powheg including
NNLO QCD and NLO EWK-factors is shown as the solid line. In each plot, the lower panel shows the ratio of
prediction to measurement. The inner error bars represent the statistical uncertainty of the data and the solid band
shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity measurement is
excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.
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• Results for both regions are 
published differentially in:

• mℓℓ, |yℓℓ|, and cos θ*

• mℓℓ and |yℓℓ|

• mℓℓ

• Prediction from PowhegBox incl. 
NNLO QCD and NLO EW k factors
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Figure 7: The combined Born-level Þducial cross sections d3! . The kinematic region shown is labelled in each plot.
The data are shown as solid (cos" ! < 0) and open (cos" ! > 0) markers and the prediction from Powheg including
NNLO QCD and NLO EWK-factors is shown as the solid line. In each plot, the lower panel shows the ratio of
prediction to measurement. The inner error bars represent the statistical uncertainty of the data and the solid band
shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity measurement is
excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.
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Distributions are also published in 
terms of the AFB differentially in 
mℓℓ and |yℓℓ|


Results in agreement with 
expectations:

• Central |yℓℓ|:

• Can’t distinguish (anti)quark: 

AFB ≈ 0

• Forward |yℓℓ|:

• Probabilistic assignment of 

(anti)quark: measurable AFB


• AFB mostly from Z/γ* interference 
with AFB ~ mℓℓ2 - mZ2:

• AFB ≈ 0 around Z pole

• AFB < 0 below pole

• AFB > 0 for higher mℓℓ
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Figure 16: Forward-backward asymmetry,AFB, determined from the combined Born-level Þducial cross section.
The kinematic region shown is labelled in each plot. The data are shown as solid markers and the error bars
represent the total experimental uncertainty. The prediction from Powheg including NNLO QCD and NLO EW
K-factors is shown as the solid line and the hatched band represents the statistical and PDF uncertainties in the
prediction.
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• Leptonic final states in ee and μμ channels in 2015 dataset

• Measured fiducial cross sections of inclusive Zjj (QCD+EW) 

as well as EW Zjj in 6 fiducial regions:
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Figure 3: Binned data-to-simulation normalised ratio shape correction factors as a function of dijet invariant mass
in the QCD-enriched region. (a) Ratio for three di! erent QCD-Zjj MC samples with uncertainties corresponding
to the combined statistical uncertainties in the data and QCD-Zjj MC samples added in quadrature. Scale and PDF
uncertainties in Sherpapredictions are indicated by the shaded bands. Lines represent Þts to the ratios using a linear
Þt. (b) Ratio for subregions of the QCD-enriched region for the AlpgenMC sample. Curves represent the result of
Þts with a quadratic function for the various subregions.

(also illustrated in Figure2); the impact of the residual EW-Zjj contamination in the QCD-enriched
region is assigned as a component of the systematic uncertainty in the QCD-Zjj background.

The shape correction factors inmj j obtained using the three di! erent QCD-Zjj MC samples are shown
in Figure3 (a). These are derived as the ratio of the data to simulation in bins ofmj j after normalisation
of the total yield in simulation to that observed in data in the QCD-enriched region. A binned Þt to the
correction factors derived in dijet invariant mass is performed with a linear Þt function (and also with a
quadratic Þt function) to produce a continuous correction factor. The linear Þt is illustrated overlaid on the
binned correction factors in Figure3 (a). The nominal value of the EW-Zjj cross-section corresponding
to a particular QCD-Zjj event generator template is determined using the correction factors from the
linear Þt. The change in resultant EW-Zjj cross-section from using binned correction factors directly is
assessed as a systematic uncertainty. The change in the extracted EW-Zjj cross-section when using a
quadratic Þt was found to be negligible. The variations observed between event generators may be partly
due to di! erences in the modelling of QCD radiation within the rapidity interval bounded by the dijet
system, which a! ects the extrapolation from the central-jet-enriched QCD-enriched region to the central-
jet-suppressed EW-enriched region. The variation between event generators is much larger than the e! ect
of PDF and scale uncertainties in a particular prediction (indicated in Figure3 (a) by a shaded band on
the predictions from Sherpa). Estimating the uncertainties associated with QCD-Zjj mismodelling from
PDF and scale variations around a single generator prediction would thus result in an underestimate of the
true theoretical uncertainty associated with this mismodelling. In this measurement, the span of resultant
EW-Zjj cross-sections extracted from the use of each of the three QCD-Zjj templates is assessed as a
systematic uncertainty. The variation in the EW-Zjj cross-section measurement due to a change in the
EW-Zjj signal template used in the derivation of themj j correction factors (from Powhegto Sherpa) is
found to be negligible.

To test the dependence of the QCD-Zjj correction factors on the modelling of any additional jet emitted
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1 Introduction

At the Large Hadron Collider (LHC) events containing aZ boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the DrellÐYan process (QCD-
Zjj), as shown in Figure1(a). In contrast, the production ofZjj events viat-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
Ôstandard candleÕ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties ofZjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtualW boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (mj j ) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.

Z

øq

q

e+ , µ+

e�, µ�

(a)QCD-Zjj.

W+

W�

Z

q

q

q�

e+, µ+

e�, µ�

q�

(b) EW-Zjj.

Figure 1: Examples of leading-order Feynman diagrams for the two production mechanisms for a leptonically
decayingZ boson and at least two jets (Zjj) in protonÐproton collisions: (a) QCD radiation from the incoming
partons (QCD-Zjj) and (b)t-channel exchange of an EW gauge boson (EW-Zjj).

The Þrst observation of the EW-Zjj process and a measurement of the corresponding Þducial cross-section
was performed by the ATLAS Collaboration inppcollisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2Ð4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s= 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusiveZjj production at high dijet invariant mass inpp
collisions at

p
s = 13 TeV using data corresponding to an integrated luminosity of 3.2 fb=1 collected by

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
thez-axis along the beam pipe. In the transverse plane, thex-axis points from the interaction point to the centre of the LHC
ring, they-axis points upward, and� is the azimuthal angle around thez-axis. The pseudorapidity is deÞned in terms of the
polar angle✓ as⌘ = � ln tan(✓/ 2). The rapidity is deÞned asy = 0.5 ln[(E + pz)/ (E � pz)], whereE andpz are the energy and
longitudinal momentum respectively. An angular separation between two objects is deÞned as�R =

p
(��)2 + (�⌘)2, where

�� and�⌘ are the separations in� and⌘ respectively. Momentum in the transverse plane is denoted bypT.
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1 Introduction

At the Large Hadron Collider (LHC) events containing aZ boson and at least two jets (Zjj) are produced
predominantly via initial-state QCD radiation from the incoming partons in the DrellÐYan process (QCD-
Zjj), as shown in Figure1(a). In contrast, the production ofZjj events viat-channel electroweak gauge
boson exchange (EW-Zjj events), including the vector-boson fusion (VBF) process shown in Figure1(b),
is a much rarer process. Such VBF processes for vector-boson production are of great interest as a
Ôstandard candleÕ for other VBF processes at the LHC: e.g., the production of Higgs bosons or the search
for weakly interacting particles beyond the Standard Model.

The kinematic properties ofZjj events allow some discrimination between the QCD and EW production
mechanisms. The emission of a virtualW boson from the quark in EW-Zjj events results in the presence of
two high-energy jets, with moderate transverse momentum (pT), separated by a large interval in rapidity
(y)1 and therefore with large dijet mass (m j j) that characterises the EW-Zjj signal. A consequence of
the exchange of a vector boson in Figure1(b) is that there is no colour connection between the hadronic
systems produced by the break-up of the two incoming protons. As a result, EW-Zjj events are less
likely to contain additional hadronic activity in the rapidity interval between the two high-pT jets than
corresponding QCD-Zjj events.
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Figure 1: Examples of leading-order Feynman diagrams for the two production mechanisms for a leptonically
decayingZ boson and at least two jets (Zjj) in protonÐproton collisions: (a) QCD radiation from the incoming
partons (QCD-Zjj) and (b)t-channel exchange of an EW gauge boson (EW-Zjj).

The Þrst observation of the EW-Zjj process and a measurement of the corresponding Þducial cross-section
was performed by the ATLAS Collaboration inpp collisions at a centre-of-mass energy (

p
s) of 8 TeV [1].

The measurement is in agreement with predictions from the Powheg-box event generator [2Ð4] and al-
lowed limits to be placed on anomalous triple gauge couplings. The cross-section for EW-Zjj production
at
p

s = 8 TeV has also been measured by the CMS Collaboration [5]. This Letter presents measurements
of the cross-section for EW-Zjj production and inclusiveZjj production at high dijet invariant mass inpp
collisions at

p
s = 13 TeV using data corresponding to an integrated luminosity of 3.2 fb=1 collected by

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
thez-axis along the beam pipe. In the transverse plane, thex-axis points from the interaction point to the centre of the LHC
ring, they-axis points upward, and! is the azimuthal angle around thez-axis. The pseudorapidity is deÞned in terms of the
polar angle" as# = � ln tan("/2). The rapidity is deÞned asy = 0.5 ln[(E + pz)/(E � pz)], whereE andpz are the energy and
longitudinal momentum respectively. An angular separation between two objects is deÞned as! R =

!
(! ! )2 + (! #)2, where

! ! and! # are the separations in! and# respectively. Momentum in the transverse plane is denoted bypT.
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Figure 2: Detector-level comparisons of the dijet invariant mass distribution between data and simulation in (a) the
EW-enriched region and (b) the QCD-enriched region, for the dielectron and dimuon channel combined. Uncertain-
ties shown on the data are statistical only. The EW-Zjj simulation sample comes from the Powhegevent generator
and the QCD-Zjj MC sample comes from the Sherpaevent generator. The lower panels show the ratio of simula-
tion to data for three QCD-Zjj models, from Alpgen, MG5_aMC, and Sherpa. The hatched band centred at unity
represents the size of statistical and experimental systematic uncertainties added in quadrature.

overestimate the data by 80% and 120% respectively, formj j = 2 TeV, well outside the uncertainties on
these predictions described in Table3. These discrepancies have been observed previously inZjj [1, 47]
andWjj [48Ð50] production at high dijet invariant mass and at high jet rapidities. For the purpose of
extracting the cross-section for EW-Zjj production, this mismodelling of QCD-Zjj is corrected for using
a data-driven approach, as discussed in the following.

6.1 Corrections for mismodelling of QCD-Zjj production and Þtting procedure

The normalisation of the QCD-Zjj background is extracted from a Þt of the QCD-Zjj and EW-Zjj mj j

simulated distributions to the data in the EW-enriched region, after subtraction of non-Zjj and diboson
background, using a log-likelihood maximisation [51]. Following the procedure adopted in Ref. [1], the
data in the QCD-enriched region are used to evaluate detector-level shape correction factors for the QCD-
Zjj MC predictions bin-by-bin inmj j . These data-to-simulation ratio correction factors are applied to the
simulation-predicted shape inmj j of the QCD-Zjj contribution in the EW-enriched region. This procedure
is motivated by two observations:

(a) the QCD-enriched region and EW-enriched region are designed to be kinematically very similar,
di! ering only with regard to the presence/absence of jets reconstructed within the rapidity interval
bounded by the dijet system,

(b) the contribution of EW-Zjj to the region of highmj j is suppressed in the QCD-enriched region
(4.4% for mj j > 1 TeV) relative to that in the EW-enriched region (26.1% formj j > 1 TeV)
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Figure 6: Measurements of the EW-Zjj process presented in this Letter at a centre-of-mass energy of 13 TeV, com-
pared with previous measurements at 8 TeV [1], for two di↵erent dijet invariant mass thresholds, mj j > 0.25 TeV
and mj j > 1 TeV. The error bars on the measurements represent statistical and systematic uncertainties added in
quadrature. Predictions from the Powheg event generator with their total uncertainty are also shown.
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Figure 5: Fiducial cross-sections for a leptonically decaying Z boson and at least two jets (solid data points) and
EW-Zjj production (open data points) at 13 TeV (circles) compared to equivalent results at 8 TeV [1] (triangles)
and to theoretical predictions (shaded/hatched bands). Measurements of Zjj at 13 TeV are compared to predictions
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various theory predictions to data as shaded bands. Relative uncertainties in the measured data are represented by
an error bar centred at unity.
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1 Introduction

The study of the production of Z boson pairs in proton–proton (pp) interactions at the Large Hadron
Collider (LHC) [1] tests the electroweak sector of the Standard Model (SM) at the highest available
energies. Example Feynman diagrams of ZZ production at the LHC are shown in Figure 1. In pp
collisions at a center-of-mass energy of

p
s = 13 TeV, ZZ production is dominated by quark–antiquark

(qq) interactions, with an O(10%) contribution from loop-induced gluon–gluon (gg) interactions [2, 3].
The production of ZZ in association with two electroweakly produced jets, denoted EW-ZZ j j, includes
the rare ZZ weak-boson scattering process. Study of ZZ production in association with jets is an important
step in searching for ZZ weak-boson scattering, which has so far not been experimentally observed by
itself.
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Figure 1: Examples of leading-order SM Feynman diagrams for ZZ production in proton–proton collisions: (a)
qq-initiated, (b) gg-initiated, (c) electroweak ZZ j j production, (d) electroweak ZZ j j production via weak-boson
scattering.

The SM ZZ production can also proceed via a Higgs boson propagator, although this contribution is
expected to be suppressed in the region where both Z bosons are produced nearly on-shell, as is the case
in this analysis. Non-Higgs-mediated ZZ production is an important background in studies of the Higgs
boson properties [4–7]. It is also a major background in searches for new physics processes producing
pairs of Z bosons at high invariant mass [8–11] and it is sensitive to anomalous triple gauge couplings
(aTGCs) of neutral gauge bosons, which are not allowed in the SM [12]. The SM does not have tree-level
vertices coupling three neutral gauge bosons (ZZZ, ZZ�), because these would violate the underlying
SU(2)L ⇥ U(1)Y symmetry. However, these couplings exist in some extensions of the SM, enhancing the
ZZ production cross section in regions where the energy scale of the interaction is high.

An example Feynman diagram of ZZ production via aTGC is shown in Figure 2.
Integrated and di↵erential ZZ production cross sections were previously measured at

p
s = 7 and 8 TeV

by the ATLAS and CMS collaborations [13–16] and found to be consistent with SM predictions. The
integrated pp ! ZZ ! `+`�`0+`0� cross section at

p
s = 13 TeV was recently measured by the ATLAS

[17] and CMS [18] collaborations, each analyzing data corresponding to an integrated luminosity of about
3 fb�1. Searches for aTGCs were previously performed at lower center-of-mass energies by ATLAS [15],
CMS [14, 19], D0 [20], and by the LEP experiments [21]. This paper represents an extension of the
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Channel Measurement [fb] Prediction [fb]

4e 13.7+1.1
! 1.0

!
± 0.9 (stat.)±0.4 (syst.)+0.5

! 0.4 (lumi.)
"

10.9+0.5
! 0.4

2e2µ 20.9+1.4
! 1.3

!
± 1.0 (stat.)±0.6 (syst.)+0.7

! 0.6 (lumi.)
"

21.2+0.9
! 0.8

4µ 11.5+0.9
! 0.9

!
± 0.7 (stat.)±0.4 (syst.)±0.4 (lumi.)

"
10.9+0.5

! 0.4

Combined 46.2+2.5
! 2.3

!
± 1.5 (stat.)+1.2

! 1.1(syst.)+1.6
! 1.4 (lumi.)

"
42.9+1.9

! 1.5

Table 5:Measured and predicted integrated Þducial cross sections. The prediction is based on an NNLO calculation
from Matrix [2] with thegg-initiated contribution multiplied by a global NLO correction factor of 1.67 [3]. A global
NLO EW correction factor of 0.95 [55, 56] is applied, except to thegg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpais added. For the prediction, the QCD scale
uncertainty is shown.
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 4l→ ZZ →pp 

Figure 5:Comparison of measured integrated Þducial cross sections to a SM prediction based on an NNLO cal-
culation from Matrix with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. A
global NLO EW correction factor of 0.95 is applied, except to thegg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpais added. For the prediction, the QCD scale
uncertainty is shown as one- and two-standard-deviation bands.

8.1 Extrapolation to total phase space and allZ boson decay modes

Extrapolation of the cross section is performed to a total phase space forZ bosons with masses in the
range from 66 GeV to 116 GeV and any SM decay. The total phase space is the same as the Þducial phase
space (Section4.1), except that nopT, ⌘, and�Rrequirements are applied to the leptons. The ratio of the
Þducial to total phase-space cross section is determined using the Matrix setup described in Section3
and found to beAZZ = 0.58± 0.01, where the uncertainty includes the following contributions. A similar
value is found when the calculation is repeated with the nominal Sherpasetup, and the di↵erence between
these (1.0% of the nominal value) is included in the uncertainty ofAZZ. Other included uncertainties are
derived from PDF variations (0.4%, calculated with MCFM) and QCD scale variations (0.8%).
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signiÞcant deviations from the SM are observed.

Coupling strength Expected 95% CL
⇥
⇥ 10�3⇤ Observed 95% CL

⇥
⇥ 10�3⇤

f �4 �2.4, 2.4 �1.8, 1.8
f Z
4 �2.1, 2.1 �1.5, 1.5

f �5 �2.4, 2.4 �1.8, 1.8
f Z
5 �2.0, 2.0 �1.5, 1.5

Table 7:One-dimensional expected and observed 95% CL intervals of the aTGC coupling strengths. Each limit is
obtained setting all other aTGC coupling strengths to zero.

ConÞdence intervals are also provided for parameters of the e↵ective Þeld theory (EFT) in Ref. [93],
which includes four dimension-8 operators describing aTGC interactions of neutral gauge bosons. The
coe�cients of the operators are denotedC ÷BW/⇤

4, CBW/⇤
4, CWW/⇤

4, andCBB/⇤
4, where⇤ is the energy

scale of the new physics described by the EFT. They can be linearly related to the parametersf �4 , f Z
4 , f �5 ,

and f Z
5 as described in Ref. [94]. Thus Eq. (3) can be reformulated in terms of the EFT coe�cients and

conÞdence intervals set in the same way as for the coupling strengths. The resulting one-dimensional
EFT conÞdence intervals are given in Table8.

Two-dimensional EFT conÞdence intervals are shown in Figure18.

EFT parameter Expected 95% CL
⇥
TeV�4⇤ Observed 95% CL

⇥
TeV�4⇤

C ÷BW/⇤
4

�8.1, 8.1 �5.9 , 5.9
CWW/⇤

4
�4.0, 4.0 �3.0 , 3.0

CBW/⇤
4

�4.4, 4.4 �3.3 , 3.3
CBB/⇤

4
�3.7, 3.7 �2.7 , 2.8

Table 8:One-dimensional expected and observed 95% CL intervals of EFT parameters using the transformation
from Ref. [94]. Each limit is obtained setting all other EFT parameters to zero.

33

pT, Z1
range [GeV] 0–295 295–415 415–555 555–3000

Data 998 16 3 0

Total SM prediction 950 ± 40 10.6 ± 0.9 2.50 ± 0.33 1.18 ± 0.21

SM ZZ ! `+`�`0+`0� 930 ± 40 10.0 ± 0.9 2.34 ± 0.33 1.10 ± 0.21
Triboson, tt̄Z, ZZ ! ⌧+⌧�[`+`�, ⌧+⌧�] 9.2 ± 2.8 0.43 ± 0.13 0.15 ± 0.05 0.078 ± 0.028
Misid. lepton background 12 ± 8 0.17 ± 0.11 < 0.1 < 0.1

Table 6: Observed and predicted yields in bins of the transverse momentum of the leading-pT Z boson candidate.
All statistical and systematic uncertainties are included in the prediction uncertainties, including the uncertainty
associated with the combination of NNLO QCD and NLO EW corrections for the SM ZZ ! `+`�`0+`0� process.
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Figure 16: Data and SM predictions as a function of the transverse momentum of the leading-pT Z boson candidate.
Also shown is the SM plus aTGC signal prediction with f �4 = 3.8 ⇥ 10�4 as well as with f �4 = 3.8 ⇥ 10�4 and
f Z
4 = 3.3 ⇥ 10�4. In both cases all other aTGC coupling strengths are set to zero. The shaded band shows the total

SM prediction uncertainty including the statistical and all systematic uncertainties. For better visualization, the last
bin is shown using a di! erent x-axis scale. The scale change is indicated by the dashed vertical line.

expected confidence intervals and their one- and two-standard-deviation confidence bands are established
using many independent sets of randomly generated pseudodata following a Poisson distribution whose
expectation value is the SM prediction in each bin.

Confidence intervals are set for each coupling strength individually, setting all others to zero, using
2500 sets of pseudodata. The expected and observed 95% CL intervals are listed in Table 7. The one-
dimensional confidence intervals are more stringent than those derived in previous measurements by the
ATLAS and CMS collaborations [14, 15, 19] and at the Tevatron and LEP colliders [20, 21]. In addition,
two-dimensional 95% CL intervals are obtained by allowing pairs of aTGC parameters to vary simultan-
eously, while setting the others to zero, using 26000 sets of pseudodata. They are shown in Figure 17. No
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Figure 17: Observed and expected two-dimensional 95% CL intervals in planes of di! erent pairs of aTGC coupling
strengths. The aTGC coupling strengths other than those shown are set to zero. The black straight lines indicate the
observed one-dimensional confidence intervals at 95% CL.
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Figure 1: Examples of Feynman diagrams ofWV! production at the LHC. In(a) the quartic vertex is shown, while
(b) and(c) depict the production from radiative processes.

2 ATLAS detector and data sample

The ATLAS experiment [2] at the LHC is a multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4" coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic Þeld, electro-
magnetic and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the
pseudorapidity range|#| < 2.5 and consists of silicon pixel, silicon microstrip, and transition radiation
tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic energy meas-
urements with high granularity in the#Ð$ plane and a threefold segmentation in the radial direction. The
Þrst of the three layers of the LAr calorimeter has the smallest#-segmentation to discriminate between
single photon showers and two overlapping showers coming from the decays of neutral hadrons. A had-
ronic (steel/scintillator-tile) calorimeter covers the central pseudorapidity range. The endcap and forward
regions are instrumented with LAr calorimeters for the energy measurement of electromagnetic and had-
ronic showers up to|#| = 4.9. The muon spectrometer encompasses the calorimeters and includes a
system of precision tracking chambers as well as fast detectors for triggering. It comprises three large
air-core toroidal superconducting magnets with eight coils each. The Þeld integral of the toroids ranges
between 2.0 and 6.0 Tm across most of the detector. A three-level trigger system is used to select events
for read-out and storage. The Þrst-level trigger is implemented in hardware and uses a subset of the de-
tector information to reduce the accepted rate to 75 kHz. This is followed by two software-based trigger
levels that together reduce the accepted event rate to 400 Hz on average.

This analysis uses data recorded at a centre-of-mass energy of 8 TeV, corresponding to an integrated
luminosity of 20.2 ± 0.4 fb�1 [19] after applying basic data quality criteria to ensure the full function-
ality of all detector subcomponents. Only events that have at least three reconstructed tracks [20] with
pT > 500 MeV associated with the primary vertex are considered for analysis. The primary vertex is
deÞned as the vertex whose associated tracks have the largest sum of squared transverse momenta. Fur-
thermore, events are discarded if they contain jets that are likely to be mismeasured.

Dedicated triggers are used for each Þnal state. The events of the fully leptonic analysis are triggered by
requiring three particles in the event: a muon with a transverse momentum (pT) of at least 18 GeV and

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam line. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points upwards.
Cylindrical coordinates (r, $) are used in the transverse plane,$ being the azimuthal angle around thez-axis. The rapidity
(y) is deÞned asy = 1
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Figure 5: Observed and expected transverse energy distributions of the photon with the highestET in the signal
region in the(a) electron and(b) muon channels of the semileptonic analysis. The data are shown together with
the predicted signal and backgrounds. Also indicated is the expected event yield for a reference model describing
aQGCs withfT,0/⇤4 = 1374 TeV�4 (see Section8). The last bin of each Þgure contains all overßow events. The
lower panels show the ratio of the observed number of events to the sum of expected signal and background events
as well as the corresponding uncertainties.

the four-momenta of photons that lie within a cone of size�R = 0.1 around a lepton to the lepton four-
momentum. The missing transverse momentum of a particle-level event is obtained from the momenta of
the neutrinos in the Þnal state.

The selection criteria deÞning the Þducial region are summarised in Table3. They di↵er from the criteria
deÞning the signal region only for the requirements on the pseudorapidity range and the isolation of
the objects. Leptons are required to fulÞl|⌘| < 2.5 and photons|⌘| < 2.37. Thus, the transition region
(1.37< |⌘| < 1.52) is included in the Þducial region and the⌘ requirements of the electrons and muons are
uniÞed. No isolation requirements are imposed on electrons or muons. The photon isolation requirement
is based on the isolation fraction✏ p

h . The latter is deÞned as the ratio of the transverse energy of the
closest jet that lies within a cone of size�R = 0.4 around the photon to the transverse energy of the
photon. Photons are considered isolated when✏ p

h < 0.5.

7.1 Cross-section predictions

The cross-section predictions are computed at NLO in↵S using the VBFNLO program. The computa-
tions are performed at parton level, while the measurement is performed at particle level. Therefore, the
cross-section predictions are corrected to particle level by multiplying them by the parton-to-particle-level
correction factors (Cp2p). Each correction factor is deÞned as the number of signal events that satisfy the
selection criteria for the Þducial region deÞned at particle level divided by the number of signal events
that satisfy the selection criteria for the Þducial region deÞned at parton level. These factors are evalu-
ated using the SHERPA signal simulation and amount to 1.10± 0.01, 0.64± 0.01 and 0.57± 0.02 for the
e⌫µ⌫�, e⌫ j j� andµ⌫ j j� Þnal states, respectively. The main di↵erence between these corrections for the
fully leptonic and the semileptonic Þnal states arises from the fundamentally di↵erent requirements on
the presence of jets and partons in the events. The di↵erence between the electron and muon channels
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Figure 5: Observed and expected transverse energy distributions of the photon with the highestET in the signal
region in the(a) electron and(b) muon channels of the semileptonic analysis. The data are shown together with
the predicted signal and backgrounds. Also indicated is the expected event yield for a reference model describing
aQGCs withfT,0/⇤4 = 1374 TeV�4 (see Section8). The last bin of each Þgure contains all overßow events. The
lower panels show the ratio of the observed number of events to the sum of expected signal and background events
as well as the corresponding uncertainties.

the four-momenta of photons that lie within a cone of size�R = 0.1 around a lepton to the lepton four-
momentum. The missing transverse momentum of a particle-level event is obtained from the momenta of
the neutrinos in the Þnal state.

The selection criteria deÞning the Þducial region are summarised in Table3. They di↵er from the criteria
deÞning the signal region only for the requirements on the pseudorapidity range and the isolation of
the objects. Leptons are required to fulÞl|⌘| < 2.5 and photons|⌘| < 2.37. Thus, the transition region
(1.37< |⌘| < 1.52) is included in the Þducial region and the⌘ requirements of the electrons and muons are
uniÞed. No isolation requirements are imposed on electrons or muons. The photon isolation requirement
is based on the isolation fraction✏ p

h . The latter is deÞned as the ratio of the transverse energy of the
closest jet that lies within a cone of size�R = 0.4 around the photon to the transverse energy of the
photon. Photons are considered isolated when✏ p

h < 0.5.

7.1 Cross-section predictions

The cross-section predictions are computed at NLO in↵S using the VBFNLO program. The computa-
tions are performed at parton level, while the measurement is performed at particle level. Therefore, the
cross-section predictions are corrected to particle level by multiplying them by the parton-to-particle-level
correction factors (Cp2p). Each correction factor is deÞned as the number of signal events that satisfy the
selection criteria for the Þducial region deÞned at particle level divided by the number of signal events
that satisfy the selection criteria for the Þducial region deÞned at parton level. These factors are evalu-
ated using the SHERPA signal simulation and amount to 1.10± 0.01, 0.64± 0.01 and 0.57± 0.02 for the
e⌫µ⌫�, e⌫ j j� andµ⌫ j j� Þnal states, respectively. The main di↵erence between these corrections for the
fully leptonic and the semileptonic Þnal states arises from the fundamentally di↵erent requirements on
the presence of jets and partons in the events. The di↵erence between the electron and muon channels
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Figure 3: Observed and expected transverse energy distribution of the photon with the highestET in thee⌫µ⌫� signal
region. The data are shown together with the predicted signal and backgrounds. Also indicated is the expected event
yield for a reference model describing aQGCs withfM,0/⇤4 = ! 1876 TeV! 4 (see Section8). The last bin contains
all overßow events. The lower panel shows the ratio of the observed number of events to the sum of expected signal
and background events as well as the corresponding uncertainties.

background estimation. Also shown is the predicted event yield for a reference point in the parameter
space of aQGCs discussed in Section8. The lower panel of the Þgure shows the ratio of the number of
observed events to the sum of the expected signal and background events.

6 Analysis of semileptonic Þnal states

In the semileptonic analysis,WV� production with one leptonically decayingW boson and one hadron-
ically decayingW or Z boson is studied. The event selection requires one lepton, at least two jets, at least
one photon, and missing transverse momentum. The analysis is performed separately in the electron and
the muon channels. The transverse momentum of the reconstructed electron or muon is required to be
larger than 25 GeV. Events containing additional reconstructed electrons or muons withpT > 7 GeV are
discarded. Photons are required to haveET > 15 GeV. Jets are required to havepT > 25 GeV and to be
within the volume of the tracking detector,|⌘| < 2.5, to ensure that jets originating from heavy-ßavour
quarks can be identiÞed. In addition, the two jets with the highest transverse momenta are required to be
close together with|�⌘ j j | < 1.2 and�Rj j < 3.0 to reject backgrounds fromW� + jets events. The miss-
ing transverse momentum and the transverse mass of the event are both required to exceed 30 GeV. In
events containing electrons, the invariant mass of the electronÐphoton pair is required to di↵er from the
value of theZ boson mass by at least 10 GeV to suppress backgrounds from events containing leptonically
decayingZ bosons. To reduce background contributions from processes including top quarks, mainlytøt�,
events containing jets that are identiÞed as originating from the decay of ab-hadron are rejected. Theb-jet
identiÞcation is performed using the MV1 algorithm [71] based on an artiÞcial neural network with an
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• Observed significance of 1.4σ for WWγ process in eνμνγ

• Set upper limit on tri-boson production cross section

Observed Expected SM Prediction

limit [fb] limit [fb] �theo [fb]

Fully leptonic e⌫µ⌫� 3.7 2.1+0.9
�0.6 2.0 ± 0.1

Semileptonic

8>>>>>><
>>>>>>:

e⌫ j j�

µ⌫ j j�

`⌫ j j�

10

8

6

16+6
�4

10+4
�3

8.4+3.4
�2.4

2.4 ± 0.1

2.2 ± 0.1

2.3 ± 0.1

Table 4: Observed and expected cross-section upper limits at 95% CL for the di↵erent final states using the CLs
method. The expected cross-section limits are computed assuming no signal is present. The last column shows the
theory prediction for the signal cross-section (�theo) computed with the VBFNLO program and corrected to particle
level. The `⌫ j j� cross-section corresponds to the average cross-section per lepton flavour in the semileptonic
analysis and all events of the e⌫ j j� and µ⌫ j j� final states are employed for the determination of this limit.

8 Search for new physics beyond the Standard Model

In addition to the results derived in the previous chapter, exclusion limits on the production cross-section
and conficence intervals on aQGCs are derived in a fiducial region optimised for a search for new physics
beyond the SM. This fiducial region di↵ers from the fiducial region defined in Section 7 by an increased
photon ET requirement.

The aQGCs are introduced by extending the SM Lagrangian density function (LSM) with terms containing
operators (Ox) of energy-dimension eight as this is the lowest dimension that describes quartic gauge
boson couplings without exhibiting triple gauge-boson vertices [79]. The operators consist of di↵erent
combinations of the SM fields and their coe�cients are written as the ratio of a coupling parameter ( fx)
to the fourth power of the energy scale (⇤) at which the new physics beyond the SM would occur. Thus,
the e↵ective Lagrangian density (Le↵) for WV� production can be written as:

Le↵ = LSM +

7X

j=0

fM, j

⇤4 OM, j +
X

j=0,1,2,5,6,7

fT, j
⇤4 OT, j, (3)

as there are 14 di↵erent operators that describe anomalous WWZ� and WW�� couplings. The indices T
and M of the coupling parameter indicate two di↵erent classes of aQGC operators: operators containing
only field strength tensors (T ) and operators containing field strength tensors and the covariant derivative
of the Higgs field (M). The SM prediction of each of the coupling parameters is zero. The reference
models in Figures 3 and 5 depict values that are excluded by previous analyses.

The e↵ective field theory is not a complete model and violates unitarity at su�ciently high energy scales.
This violation can be avoided by multiplying the coupling parameters with a dipole form factor of the
form:

1
(1 + ŝ/⇤2

FF)2
, (4)
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⇤FF = 1 ⇤FF = 1 TeV ⇤FF = 0.5 TeV
Coupling Observed Expected Observed Expected Observed Expected

[103 TeV�4] [103 TeV�4] [104 TeV�4] [104 TeV�4] [104 TeV�4] [104 TeV�4]

fM,0/⇤4 [�0.3, 0.3] [�0.4, 0.4] [�0.3, 0.3] [�0.4, 0.5] [�1.7, 1.8] [�2.3, 2.4]
fM,1/⇤4 [�0.5, 0.5] [�0.8, 0.7] [�0.6, 0.5] [�0.7, 0.7] [�2.9, 2.6] [�4.0, 3.7]
fM,2/⇤4 [�1.8, 1.8] [�2.4, 2.5] [�2.0, 2.0] [�2.6, 2.7] [�9.9, 10 ] [ �14, 14 ]
fM,3/⇤4 [�3.1, 3.0] [�4.2, 4.3] [�3.2, 3.1] [�4.3, 4.3] [ �17, 16 ] [ �23, 23 ]
fM,4/⇤4 [�1.1, 1.1] [�1.5, 1.6] [�1.1, 1.1] [�1.5, 1.5] [�5.7, 6.2] [�7.9, 8.4]
fM,5/⇤4 [�1.7, 1.7] [�2.3, 2.3] [�1.5, 1.6] [�2.0, 2.1] [�8.0, 9.0] [ �11, 12 ]
fM,6/⇤4 [�0.6, 0.6] [�0.9, 0.9] [�0.6, 0.7] [�0.9, 0.9] [�3.3, 3.5] [�4.7, 4.9]
fM,7/⇤4 [�1.1, 1.1] [�1.5, 1.5] [�1.0, 1.1] [�1.4, 1.4] [�5.2, 5.9] [�7.5, 8.0]
fT,0/⇤4 [�0.1, 0.1] [�0.2, 0.2] [�0.1, 0.1] [�0.2, 0.2] [�0.9, 0.8] [�1.1, 1.1]
fT,1/⇤4 [�0.2, 0.2] [�0.2, 0.2] [�0.2, 0.2] [�0.2, 0.2] [�0.9, 0.9] [�1.2, 1.2]
fT,2/⇤4 [�0.4, 0.4] [�0.5, 0.5] [�0.4, 0.4] [�0.5, 0.5] [�1.9, 2.0] [�2.7, 2.7]
fT,5/⇤4 [�1.5, 1.6] [�2.1, 2.1] [�1.7, 1.7] [�2.2, 2.2] [�8.3, 8.6] [ �12, 12 ]
fT,6/⇤4 [�1.9, 1.9] [�2.5, 2.6] [�1.9, 2.0] [�2.6, 2.6] [ �10, 11 ] [ �14, 15 ]
fT,7/⇤4 [�4.3, 4.3] [�5.6, 5.8] [�4.4, 4.5] [�5.9, 6.0] [ �20, 20 ] [ �27, 28 ]

Table 7: Observed and expected confidence intervals at 95% CL on the di↵erent anomalous quartic gauge couplings
for the combined WV� analysis for three di↵erent values of the form factor scale ⇤FF.
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Figure 6: Observed and expected confidence intervals at 95% CL on the di↵erent anomalous quartic gauge couplings
for the combined WV� analysis. The couplings are unitarised using a dipole form factor with a form factor energy
scale of ⇤FF = 1 TeV.

21

• Set limits on aQGC in effective field theory:

[EPJC 77 (2017) 646]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-05
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• Cover a wide range of processes and analysis goals

• Precision measurements of EW parameters

• Differential and integrated cross sections

• Limits on unobserved processes

• Limits on anomalous gauge couplings
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Figure 5: Post-fit⌥ distributions for the ⌧e–⌧had (left) and ⌧µ–⌧had (right) channels, and for the signal (top) and same-
sign (bottom) regions for the fit that extracts the ⌧ polarisation in the mass-selected region of 66 < mZ/�⇤ < 116 GeV.
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shows a plateau at small |y``| leading to a broad shoulder followed by a cross section falling to zero at the
highest accessible |y``|. The width of the plateau narrows with increasing m``. In the two high-precision
Z-peak mass bins, the measured cross-section values have a total uncertainty (excluding the common
luminosity uncertainty) of 0.4% for |y``| < 1 rising to 0.7% at |y``| = 2.4. At high invariant mass, the
statistical and experimental uncertainty components contribute equally to the total measurement precision
in the plateau region, increasing from 0.5% to 1.8%. The theoretical predictions replicate the features in
the data well. The lower panel of each figure shows the ratio of the prediction to the measurement.
Here, in addition to overall rate di↵erence already observed in the one-dimensional distribution, a small
tendency of the data to exceed the predictions at the highest |y``| can be seen in some of the mass bins.
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Figure 5: The combined Born-level fiducial cross section d�/dm``. The data are shown as solid markers and the
prediction from Powheg including NNLO QCD and NLO EW K-factors is shown as the solid line. The lower panel
shows the ratio of prediction to measurement. The inner error bars represent the data statistical uncertainty and
the solid band shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity
measurement is excluded. The hatched band represents the statistical and PDF uncertainties in the prediction.
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pT, Z1
range [GeV] 0–295 295–415 415–555 555–3000

Data 998 16 3 0

Total SM prediction 950 ± 40 10.6 ± 0.9 2.50 ± 0.33 1.18 ± 0.21

SM ZZ ! `+`�`0+`0� 930 ± 40 10.0 ± 0.9 2.34 ± 0.33 1.10 ± 0.21
Triboson, tt̄Z, ZZ ! ⌧+⌧�[`+`�, ⌧+⌧�] 9.2 ± 2.8 0.43 ± 0.13 0.15 ± 0.05 0.078 ± 0.028
Misid. lepton background 12 ± 8 0.17 ± 0.11 < 0.1 < 0.1

Table 6: Observed and predicted yields in bins of the transverse momentum of the leading-pT Z boson candidate.
All statistical and systematic uncertainties are included in the prediction uncertainties, including the uncertainty
associated with the combination of NNLO QCD and NLO EW corrections for the SM ZZ ! `+`�`0+`0� process.
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Figure 16: Data and SM predictions as a function of the transverse momentum of the leading-pT Z boson candidate.
Also shown is the SM plus aTGC signal prediction with f �4 = 3.8 ⇥ 10�4 as well as with f �4 = 3.8 ⇥ 10�4 and
f Z
4 = 3.3 ⇥ 10�4. In both cases all other aTGC coupling strengths are set to zero. The shaded band shows the total

SM prediction uncertainty including the statistical and all systematic uncertainties. For better visualization, the last
bin is shown using a di! erent x-axis scale. The scale change is indicated by the dashed vertical line.

expected confidence intervals and their one- and two-standard-deviation confidence bands are established
using many independent sets of randomly generated pseudodata following a Poisson distribution whose
expectation value is the SM prediction in each bin.

Confidence intervals are set for each coupling strength individually, setting all others to zero, using
2500 sets of pseudodata. The expected and observed 95% CL intervals are listed in Table 7. The one-
dimensional confidence intervals are more stringent than those derived in previous measurements by the
ATLAS and CMS collaborations [14, 15, 19] and at the Tevatron and LEP colliders [20, 21]. In addition,
two-dimensional 95% CL intervals are obtained by allowing pairs of aTGC parameters to vary simultan-
eously, while setting the others to zero, using 26000 sets of pseudodata. They are shown in Figure 17. No
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Figure 6: Measurements of the EW-Zjj process presented in this Letter at a centre-of-mass energy of 13 TeV, com-
pared with previous measurements at 8 TeV [1], for two di↵erent dijet invariant mass thresholds, mj j > 0.25 TeV
and mj j > 1 TeV. The error bars on the measurements represent statistical and systematic uncertainties added in
quadrature. Predictions from the Powheg event generator with their total uncertainty are also shown.
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Figure 3: Observed and expected transverse energy distribution of the photon with the highestET in thee⌫µ⌫� signal
region. The data are shown together with the predicted signal and backgrounds. Also indicated is the expected event
yield for a reference model describing aQGCs withfM,0/⇤4 = ! 1876 TeV! 4 (see Section8). The last bin contains
all overßow events. The lower panel shows the ratio of the observed number of events to the sum of expected signal
and background events as well as the corresponding uncertainties.

background estimation. Also shown is the predicted event yield for a reference point in the parameter
space of aQGCs discussed in Section8. The lower panel of the Þgure shows the ratio of the number of
observed events to the sum of the expected signal and background events.

6 Analysis of semileptonic Þnal states

In the semileptonic analysis,WV� production with one leptonically decayingW boson and one hadron-
ically decayingW or Z boson is studied. The event selection requires one lepton, at least two jets, at least
one photon, and missing transverse momentum. The analysis is performed separately in the electron and
the muon channels. The transverse momentum of the reconstructed electron or muon is required to be
larger than 25 GeV. Events containing additional reconstructed electrons or muons withpT > 7 GeV are
discarded. Photons are required to haveET > 15 GeV. Jets are required to havepT > 25 GeV and to be
within the volume of the tracking detector,|⌘| < 2.5, to ensure that jets originating from heavy-ßavour
quarks can be identiÞed. In addition, the two jets with the highest transverse momenta are required to be
close together with|�⌘ j j | < 1.2 and�Rj j < 3.0 to reject backgrounds fromW� + jets events. The miss-
ing transverse momentum and the transverse mass of the event are both required to exceed 30 GeV. In
events containing electrons, the invariant mass of the electronÐphoton pair is required to di↵er from the
value of theZ boson mass by at least 10 GeV to suppress backgrounds from events containing leptonically
decayingZ bosons. To reduce background contributions from processes including top quarks, mainlytøt�,
events containing jets that are identiÞed as originating from the decay of ab-hadron are rejected. Theb-jet
identiÞcation is performed using the MV1 algorithm [71] based on an artiÞcial neural network with an

10

Observe good agreement with SM predictions
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One ⌧lep decay One single-prong ⌧had decay

pT,lepton > 26 GeV pT,⌧had-vis > 20 GeV

|⌘e| < 2.47 and not 1.37 < |⌘e| < 1.52 or |⌘µ| < 2.5 |⌘⌧had-vis | < 2.47

mT < 30 GeV 40 < mvis < 85 GeV

• Signal region:


• opposite sign

• ΣΔφ < 3.5 with:


• Control regions:

Region Event selection changes compared to selected signal region

Same-sign region inverted opposite charge sign requirement

Opposite-sign multijet control region inverted lepton isolation requirement

Same-sign multijet control region inverted lepton isolation and opposite charge sign requirements

Opposite-sign W +jets control region
!

! ! ! 3.5, mT > 70 GeV (instead of
!

! ! < 3.5, mT < 30 GeV)

Same-signW +jets control region
!

! ! ! 3.5, mT > 70 GeV (instead of
!

! ! < 3.5, mT < 30 GeV),
inverted opposite charge sign requirement

The missing transverse momentum (Emiss
T ) is calculated as the modulus of the negative vectorial sum of

the pT of all fully reconstructed and calibrated physics objects in the event, as well as a term for the
remaining activity in the calorimeter [39]. Here, preselected leptons are included in the sum.

5 Event selection

Selection criteria are applied to obtain a sample enhanced in Z/�⇤ ! ⌧⌧ events where one of the ⌧ leptons
decays leptonically (⌧lep) and the other hadronically. The ⌧had candidate is required to have exactly one
charged-particle track (single-prong). Events are categorised into channels by the lepton flavour (electron
or muon), which are referred to as ⌧e–⌧had and ⌧µ–⌧had channels. The kinematic requirements on electrons
and muons are similar and, therefore, the event selections that define the two selected signal regions are
described in parallel.

Exactly one ⌧had candidate and exactly one lepton that fulfil the respective selection criteria and that have
opposite-sign electric charges are required. Two selection requirements are implemented to reduce the
significant background that arises from W+jets production in which a lepton is reconstructed correctly
and a jet is misidentified as a ⌧had candidate. The transverse mass, mT, built from the lepton and missing
transverse momenta, is defined as

mT =
!

2 pT,lepton Emiss
T

"
1 � cos

"
! �

"
lepton,Emiss

T

###

and is required to satisfy mT < 30 GeV. The sum of the azimuthal angular separation between the ⌧had
candidate and the Emiss

T directions, and the lepton and the Emiss
T directions,

$
! � = ! �

"
⌧had-vis,Emiss

T

#
+ ! �

"
lepton,Emiss

T

#

is required to satisfy
%

! � < 3.5. This requirement suppresses event topologies in which the Emiss
T

lies outside of the angle spanned by the ⌧ candidate and the lepton, which are common for W+jets
processes and rare for signal events. In addition, the visible mass of the ⌧had candidate and lepton,
mvis = m(⌧had-vis, lepton), is required to satisfy 40 < mvis < 85 GeV to further reduce backgrounds,
notably the non-signal Z/�⇤+jets background in which the Z/�⇤ boson decays to electron or muon pairs.
For signal events around the Z boson pole that pass the previous requirements, the mvis distribution is
centred at about 66 GeV and has a width of about 10 GeV. This is insu" cient for separating Z/�⇤ ! ⌧⌧
decays on and o# the Z boson pole. The selection criteria described above define the selected signal
region of this analysis.

Some of the object and event selection requirements have di#erent acceptances for signal decays with
one specific ⌧� helicity state: the pT,lepton requirement is about twice as e" cient for Z/�⇤ ! ⌧⌧ events
with leptonically decaying left-handed ⌧� leptons as for those with leptonically decaying right-handed
⌧� leptons. Here, the polarisation of the ⌧had is a#ected due to spin correlations resulting from angular
momentum conservation in Z/�⇤ ! ⌧⌧ decays. This is partially counteracted by the pT,⌧had-vis and mT
requirements. These biases result from dependencies of the ⌧ lepton momentum share carried by neut-
rinos on the helicity state and the respective decay modes. The size of this e#ect may be di#erent for
possible unexpected contributions from physics processes other than from intermediate states with unit
spin decaying to ⌧ pairs. Hence the polarisation is also measured in a fiducial region which is defined
with stable-particle-level quantities (see Table 2). It corresponds very closely to the selected signal re-
gion. For the extraction of the ⌧ polarisation in this region, the simulated signal sample is split into three
components:

7
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• simulated samples used in the analysis


• simulated pT spectrum of Z/γ* reweighted to match spectrum in data

Sample Event generator PDF UE tune

(Z/! ! ! " " ) + jets Alpgen 2.14 [3] + Pythia6.427 [4] CTEQ6L1 [10] Perugia2011C [11]
(Z/! ! ! " " ) + jets Pythia 8.160 [20] CTEQ6L1 AU2 [21]
(Z/! ! ! " " ) + jets Powheg r1556 [22,23,24] + Pythia 8.160 CT10 [25] AUET2 [31]
(Z/! ! ! " " ) + jets Alpgen 2.14 + Herwig 6.5/Jimmy 4.3 [26,27] CTEQ6L1 Perugia2011C

Top pairs + jets Powheg r2129 + Pythia 6.426 CT10 AUET2

(W ! e#) + jets Alpgen 2.14 + Pythia 6.427 CTEQ6L1 Perugia2011C
(W ! µ#) + jets Alpgen 2.14 + Pythia 6.427 CTEQ6L1 Perugia2011C
(W ! "#) + jets Alpgen 2.14 + Pythia 6.427 CTEQ6L1 Perugia2011C

(Z/! ! ! ee) + jets Alpgen 2.14 + Pythia 6.427 CTEQ6L1 Perugia2011C
(Z/! ! ! µµ ) + jets Alpgen 2.14 + Pythia 6.427 CTEQ6L1 Perugia2011C

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-18
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• τeτhad channel:


• τe\muτhad channel:

Source of uncertainty ! P! in mass-selected region ! P! in Þducial region

Modelling of signal process ±0.027 ±0.023
"had identiÞcation ±0.029 ±0.034
MC statistical ±0.020 ±0.023
Signal sample splitting ±0.014 ±0.014
TES and TER ±0.020 ±0.024
Multijet estimate ±0.019 ±0.020
PDF ±0.007 ±0.005
W +jets shape ±0.003 ±0.003
Other ±0.008 ±0.006

Total systematic uncertainty ±0.050 ±0.050
Statistical uncertainty ±0.024 ±0.026

Source of uncertainty ! P! in mass-selected region ! P! in Þducial region

Modelling of signal process ± 0.027 ± 0.024
"had identiÞcation ± 0.024 ± 0.027
MC statistical ± 0.021 ± 0.022
Signal sample splitting ± 0.015 ± 0.016
TES and TER ± 0.018 ± 0.022
Multijet estimate ± 0.014 ± 0.014
PDF ± 0.007 ± 0.005
W +jets shape ± 0.003 ± 0.004
Other ± 0.007 ± 0.001

Total systematic uncertainty ± 0.050 ± 0.050
Statistical uncertainty ± 0.020 ± 0.021

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-18
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• central ee region:

• opposite charge ee pair with 46GeV < mee < 200GeV each with:


• pT > 12GeV, |η| < 2.4, 1.37 < |η| < 1.52, medium ID, and isolation


• high-rapidity ee region:

• central-forward ee pair with 66GeV < mee < 150GeV with:


• central: pT > 25GeV, |η| < 2.4, not 1.37 < |η| < 1.52, tight ID, and isolation

• forward: pT > 20GeV, and tight ID, isolation, 

2.5 < |η| < 4.9, not 3.00 < |η| < 3.35, and not 2.7 < |η| < 2.8


• central μμ region:

• opposite charge μμ pair with 46GeV < mμμ < 200GeV each with:


• pT > 20GeV, |η| < 2.4, ID, and isolation
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• 3 terms in Pq correspond to:

• pure virtual photon exchange

• interference term

• pure Z exchange


• Asymmetry AFB comes from terms linear in cos θ*

• Important definitions:
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q and q̄ are interchanged. The function Pq in equation (1) is given by

Pq = e2
! e2

q(1 + cos2 " ! )

+ e! eq
2m2

!! (m2
!! " m2

Z)

sin2 "W cos2 "W
!
(m2

!! " m2
Z)2 + ! 2

Zm2
Z
"
!
v! vq(1 + cos2 " ! ) + 2a! aq cos " ! "

+
m4

!!

sin4 "W cos4 "W
!
(m2

!! " m2
Z)2 + ! 2

Zm2
Z
"
!
(a2

! + v2
! )(a2

q + v2
q)(1 + cos2 " ! ) + 8a! v! aqvq cos " ! ".

(2)

In this relation mZ and ! Z are the Z boson mass and width, respectively; e! and eq are the lepton and
quark electric charges; and v! = " 1

4 + sin2 "W, a! = " 1
4 , vq = 1

2 I3
q " eq sin2 "W, and aq = 1

2 I3
q are the vector

and axial-vector lepton and quark couplings, respectively where I3
q is the third component of the weak

isospin.

The first term in equation (2) corresponds to pure virtual photon, #! , exchange in the scattering process,
the second corresponds to the interference of #! and Z exchange, and the last term corresponds to pure
Z exchange. Thus the DY invariant mass spectrum is characterized by a 1/ m2

!! fall-o" from #! exchange
contribution, an m!! -dependent Breit–Wigner peaking at the mass of the Z boson, and a Z/ #! interference
contribution which changes sign from negative to positive as m!! increases across the mZ threshold.

The terms which are linear in cos " ! induce the forward-backward asymmetry. The largest contribution
comes from the interference term, except at m!! = mZ where the interference term is zero, and only the
Z exchange term contributes to the asymmetry. The resulting asymmetry is, however, numerically small
due to the small value of v! . The net e" ect is an asymmetry which is negative for m!! < mZ and increases,
becoming positive for m!! > mZ . The point of zero asymmetry occurs slightly below m!! = mZ .

The forward-backward asymmetry varies with |y!! |. The incoming quark direction can only be determ-
ined probabilistically: for increasing |y!! | the momentum fraction of one parton reaches larger x where
the valence quark PDFs dominate because the valence quarks typically carry more momentum than the
antiquarks. Therefore, the Z/ #! is more likely to be boosted in the quark direction. Conversely, at small
boson rapidity, |y!! | # 0, it becomes almost impossible to identify the direction of the quark since the
quark and antiquark have nearly equal momenta.

The sensitivity of the cross section to the PDFs arises primarily from its dependence on y!! (and there-
fore x1 and x2) in equation (1). Further sensitivity is gained by analysing the cross section in the m!!

dimension, since in the Z resonance peak the partons couple through the weak interaction and o" -peak
the electric couplings to the #! dominate. Therefore, the relative contributions of up-type and down-type
quarks vary with m!! . Finally, the cos " ! dependence of the cross section provides sensitivity to terms
containing a! aq and v! vqa! aq in equation (2). Three di" erent combinations of couplings to the incident
quarks contribute to the LO cross section. The magnitude of the asymmetry is proportional to the valence
quark PDFs and o" ers direct sensitivity to the corresponding PDF component.

The full five-dimensional cross section can also be decomposed into harmonic polynomials for the lepton
decay angle scattering amplitudes and their corresponding coe# cients A0" 7 [22]. Higher-order QCD
corrections to the LO qq̄ process involve qg + q̄g terms at next-to-leading order (NLO), and gg terms at
next-to-next-to-leading order (NNLO). These higher-order terms modify the decay angle dependence of
the cross section. Measuring the | cos " !

| distribution provides additional sensitivity to the gluon versus
sea-quark PDFs and is related to the measurements of the angular coe# cients as a function of the Z boson
transverse momentum [22, 23].

5

1 Introduction

In the DrellÐYan process [1, 2] qøq ! Z/�⇤ ! `+`�, parity violation in the neutral weak coupling of the
mediator to fermions induces a forward-backward asymmetry,AFB, in the decay angle distribution of the
outgoing lepton (̀�) relative to the incoming quark direction as measured in the dilepton rest frame. This
decay angle depends on the sine of the weak mixing angle, sin2 ✓W, which enters in the fermionic vector
couplings to theZ boson. At leading order in electroweak (EW) theory it is given by sin2 ✓W = 1�m2

W/m
2
Z,

wheremW andmZ are theW andZ boson masses, respectively. Higher-order loop corrections modify this
relation depending on the renormalisation scheme used, and so experimental measurements are often
given in terms of the sine of the e↵ective weak mixing angle, sin2 ✓e↵ [3]. High-precision cross-section
measurements sensitive to the asymmetry, and therefore to the e↵ective weak mixing angle, provide a
testing ground for EW theory and could o↵er some insight into physics beyond the Standard Model
(SM).

Previous measurements by ATLAS and CMS of the DrellÐYan (DY) process include measurements of
Þducial cross sections [4Ð7], and one-dimensional di↵erential cross sections as a function of rapidity [8,
9], transverse momentum [9Ð12], and invariant mass [13Ð15]. Double-di↵erential cross-section measure-
ments as a function of invariant mass and either rapidity or transverse momentum [16Ð21] have also been
published, as well asZ boson polarisation coe�cients [22, 23] and the forward-backward asymmetry [24,
25]. The direct measurement ofAFB and extraction of the e↵ective weak mixing angle in leptonicZ boson
decays, sin2 ✓e↵lept, has been performed by ATLAS using 5 fb�1 of proton-proton collision data at

p
s = 7

TeV [24] Ð a result in which the largest contribution to the uncertainty was due to limited knowledge of
the parton distribution functions (PDFs) of the proton.

A complete description of the DrellÐYan cross section to all orders in quantum chromodynamics (QCD)
depends on Þve kinematic variables of the Born-level leptons, namelym``, the invariant mass of the lepton
pair;y``, the rapidity of the dilepton system;✓ and�, the lepton decay angles in the rest frame of the two
incident quarks; andpT,Z, the transverse momentum of the vector boson. In this paper, measurements
of the triple-di↵erential DrellÐYan cross section, d3�/dm``d|y``|dcos✓⇤, are reported as a function ofm``,
|y``|, and cos✓⇤, where the lepton decay angle is deÞned in the CollinsÐSoper (CS) reference frame [26].
These cross-section measurements are designed to be simultaneously sensitive to sin2 ✓e↵lept and to the
PDFs, therefore allowing a coherent determination of both. A simultaneous extraction has the potential
to reduce the PDF-induced uncertainty in the extracted value of the e↵ective weak mixing angle.

At leading order (LO) in perturbative electroweak and QCD theory, the DrellÐYan triple-di↵erential cross
section can be written as

d3�

dm``dy``d cos✓⇤
=
⇡↵2

3m``s

X

q
Pq
h
fq(x1,Q2) føq(x2,Q2) + (q$ øq)

i
, (1)

wheres is the squared proton-proton (pp) centre-of-mass energy; the incoming parton momentum frac-
tions arex1,2 = (m``/

p
s)e±y`` ; and fq(x1,Q2) are the PDFs for parton ßavourq. Here,Q2 is the four-

momentum transfer squared and is set to the dilepton centre-of-mass energy,m``, which is equal to the
partonic centre-of-mass energy. Theq $ øq term accounts for the case in which the parent protons of the
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Initial-state QCD radiation can introduce a non-zero transverse momentum for the Þnal-state lepton pair,
leading to quark directions which may no longer be aligned with the incident proton directions. Hence,
in this paper, the decay angle is measured in the CS reference frame [26] in which the decay angle is
measured from an axis symmetric with respect to the two incoming partons. The decay angle in the CS
frame (! ! ) is given by

cos! ! =
pz,""

m"" |pz,"" |

p+
1 p"

2 " p"
1 p+

2!
m2

"" + p2
T,""

,

wherep±
i = Ei ± pz,i andi = 1 corresponds to the negatively-charged lepton andi = 2 to the positively-

charged antilepton. Here,E and pz are the energy and longitudinalz-components of the leptonic four-
momentum, respectively;pz,"" is the dileptonz-component of the momentum; andpT,"" the dilepton
transverse momentum.

The triple-di! erential cross sections are measured using 20.2 fb" 1 of pp collision data at
#

s = 8 TeV.
The measurements are performed in the electron and muon decay channels for|y"" | < 2.4. The electron
channel analysis is extended to high rapidity in the region 1.2 < |y"" | < 3.6. The measured cross sections
cover the kinematic range 46< m"" < 200 GeV, 0< |y"" | < 3.6, and" 1 < cos! ! < +1. For convenience
the notation

d3# $
d3#

dm"" d|y"" |d cos! !

is used. The cross sections are classiÞed as eitherforward (cos! ! > 0) orbackward(cos! ! < 0) and used
to obtain an experimental measurement ofAFB di! erentially inm"" and|y"" |:

AFB =
d3#(cos! ! > 0) " d3#(cos! ! < 0)
d3#(cos! ! > 0) + d3#(cos! ! < 0)

. (3)

2 ATLAS detector

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged particles in
the pseudorapidity1 range|$| < 2.5 are reconstructed with the ID, which consists of layers of silicon pixel
and microstrip detectors and a straw-tube transition-radiation tracker having a coverage of|$| < 2.0. The
ID is immersed in a 2 T magnetic Þeld provided by the solenoid. The latter is surrounded by a hermetic
calorimeter that covers|$| < 4.9 and provides three-dimensional reconstruction of particle showers. The
electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses lead absorbers for|$| <
3.2. The hadronic sampling calorimeter uses plastic scintillator tiles as the active material and steel
absorbers in the region|$| < 1.7. In the region 1.5 < |$| < 3.2, liquid argon is used as the active material,
with copper absorbers. A forward calorimeter covers the range 3.2 < |$| < 4.9 which also uses liquid
argon as the active material, and copper and tungsten absorbers for the EM and hadronic sections of the
subdetector, respectively.

Outside the calorimeters, air-core toroids supply the magnetic Þeld for the MS. There, three layers of
precision chambers allow the accurate measurement of muon track curvature in the region|$| < 2.7. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the interaction point to the centre of the LHC ring, and they-axis
points upward. Cylindrical coordinates (r,%) are used in the transverse plane,%being the azimuthal angle around the beam
pipe. The pseudorapidity is deÞned in terms of the polar angle! as$ = " ln tan(! / 2).
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3.2. The hadronic sampling calorimeter uses plastic scintillator tiles as the active material and steel
absorbers in the region |⌘| < 1.7. In the region 1.5 < |⌘| < 3.2, liquid argon is used as the active material,
with copper absorbers. A forward calorimeter covers the range 3.2 < |⌘| < 4.9 which also uses liquid
argon as the active material, and copper and tungsten absorbers for the EM and hadronic sections of the
subdetector, respectively.

Outside the calorimeters, air-core toroids supply the magnetic field for the MS. There, three layers of
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and the z-axis along the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the y-axis
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All MC samples used in the analysis include the e↵ects of QED FSR, multiple interactions per bunch
crossing (Òpile-upÓ), and detector simulation. QED FSR was simulated using Photos [54], while the
e↵ects of pile-up were accounted for by overlaying simulated minimum-bias events [55] generated with
Pythia8 [34]. The interactions of particles with the detector were modelled using a full ATLAS detector
simulation [55] based on Geant4 [56]. Finally, several corrections are applied to the simulated samples,
accounting for di↵erences between data and simulation in the lepton trigger, reconstruction, identiÞcation,
and isolation e�ciencies as well as lepton resolution and muon momentum scale [57Ð61]. The electron
energy scale corrections are applied to the data.

An overview of the simulated event samples is given in table1.

Process Generator Parton shower & Generator Model parameters
underlying event PDF (ÒTuneÓ)

Z/�⇤ ! `` Powheg v1(r1556) Pythia 8.162 CT10 AU2 [62]
Z/�⇤ ! ⌧⌧ Powheg v1(r1556) Pythia 8.162 CT10 AU2
�� !⌧ Pythia 8.170 Pythia 8.170 MRST2004qed 4C [63]

tøt Powheg v1(r1556) Pythia 6.427.2 CT10 AUET2 [64]
Wt Powheg v1(r1556) Pythia 6.427.2 CT10 AUET2

Diboson Herwig 6.520 Herwig 6.520 CTEQ6L1 AUET2
W ! `⌫ Powheg v1(r1556) Pythia 8.162 CT10 AU2

Table 1: Overview of the Monte Carlo samples used in this analysis.

4 Event selection

Events are required to have been recorded during stable beam condition periods and must pass detector
and data-quality requirements. This corresponds to an integrated luminosity of 20.2 fb�1 for the muon
channel. Small losses in the data processing chain lead to an integrated luminosity of 20.1 fb�1 for the
electron channel. Due to di↵erences in the detector response to electrons and muons the selection is
optimised separately for each channel and is described in the following.

4.1 Central rapidity electron channel

The electron data were collected using a dilepton trigger which uses calorimetric and tracking inform-
ation to identify compact electromagnetic energy depositions. IdentiÞcation algorithms use calorimeter
shower shape information and the energy deposited in the vicinity of the electron candidates to Þnd can-
didate electron pairs with a minimum transverse energy of 12 GeV for both the leading and subleading
electron.

Electrons are reconstructed by clustering energy deposits in the electromagnetic calorimeter using a
sliding-window algorithm. These clusters are then matched to tracks reconstructed in the inner detector.
The calorimeter provides the energy measurement and the track is used to determine the angular inform-
ation of the electron trajectory. An energy scale correction determined fromZ ! e+e�, W ! e⌫, and
J/ ! e+e� decays [57] is applied to data. Central electron candidates are required to have|⌘e

| < 2.4.
Furthermore, candidates reconstructed within the transition region between the barrel and endcap calor-
imeters, 1.37 < |⌘e

| < 1.52, are excluded from the measurement. Each candidate is required to satisfy

8
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Figure 1: Distributions of dilepton rapidity (left) and cos ✓⇤ (right) in the central rapidity electron channel for mee
bins 46–66 GeV (top row), 80–91 GeV (middle), and 116–150 GeV (bottom). The data (solid markers) and the
prediction (stacked histogram) are shown after event selection. The lower panels in each plot show the ratio of
data to prediction. The error bars represent the data statistical uncertainty while the hatched band represents the
systematic uncertainty in the prediction.
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Figure 2: Distributions of dilepton rapidity (left) and cos ✓⇤ (right) in the high rapidity electron channel for mee
bins 66–80 GeV (top row), 91–102 GeV (middle), and 116–150 GeV (bottom). The data (solid markers) and the
prediction (stacked histogram) are shown after event selection. The lower panels in each plot show the ratio of
data to prediction. The error bars represent the data statistical uncertainty while the hatched band represents the
systematic uncertainty in the prediction.
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Figure 3: Distributions of dilepton rapidity (left) and cos! ! (right) in the central rapidity muon channel formµµ

bins 46Ð66 GeV (top row), 80Ð91 GeV (middle), and 116Ð150 GeV (bottom). The data (solid markers) and the
prediction (stacked histogram) are shown after event selection. The lower panels in each plot show the ratio of
data to prediction. The error bars represent the data statistical uncertainty while the hatched band represents the
systematic uncertainty in the prediction.
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Figure 6: The combined Born-level Þducial cross section d2! / dm"" d|y"" | in the seven invariant mass bins of the
central measurements. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EWK-factors is shown as the solid line. The lower panel shows the ratio of prediction to measurement.
The inner error bars represent the data statistical uncertainty and the solid band shows the total experimental un-
certainty. The contribution to the uncertainty from the luminosity measurement is excluded. The hatched band
represents the statistical and PDF uncertainties in the prediction.
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Figure 17: Forward-backward asymmetry, AFB, determined from the high rapidity electron Born-level fiducial cross
section. The kinematic region shown is labelled in each plot. The data are shown as solid markers and the error
bars represent the total experimental uncertainty. The prediction from Powheg including NNLO QCD and NLO
EW K-factors is shown as the solid line and the hatched band represents the statistical and PDF uncertainties in the
prediction.
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Fiducial region

Object Baseline High-mass High-pT EW-enriched EW-enriched, QCD-enriched

mjj > 1 TeV

Leptons |⌘| < 2.47, pT > 25 GeV, �Rj,` > 0.4

Dilepton pair
81 < m`` < 101 GeV

— p``
T > 20 GeV

Jets

|y| < 4.4

pj1
T > 55 GeV pj1

T > 85 GeV pj1
T > 55 GeV

pj2
T > 45 GeV pj2

T > 75 GeV pj2
T > 45 GeV

Dijet system — mjj > 1 TeV — mjj > 250 GeV mjj > 1 TeV mjj > 250 GeV

Interval jets — N interval
jet (pT >25 GeV) = 0 N interval

jet (pT >25 GeV) � 1

Zjj system — pbalanceT < 0.15 pbalance,3T < 0.15

Composition [%]

Process Baseline High-mass High-pT EW-enriched EW-enriched, QCD-enriched
mjj > 1 TeV

QCD- Zjj 94.2 ± 0.4 86.8 ± 1.6 92.3 ± 0.4 93.4 ± 0.9 72.9 ± 2.1 95.4 ± 0.8

EW- Zjj 1.5 ± < 0.1 10.6 ± 0.2 2.6 ± < 0.1 4.8 ± < 0.1 26.1 ± 0.5 1.6 ± < 0.1

Diboson 1.6 ± < 0.1 1.5 ± 0.7 2.0 ± 0.5 1.0 ± 0.5 0.8 ± 0.4 1.8 ± 0.4

tøt 2.6 ± < 0.1 1.1 ± 0.1 3.1 ± 0.1 0.7 ± < 0.1 0.1 ± 0.1 1.2 ± 0.1

Single-t < 0.2 < 0.2 < 0.2 < 0.1 < 0.1 < 0.1

Multijet < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3

Total expected
64800 2220 21900 11100 640 7120

± 130 ± 5220 ± 20 ± 200 ± 40 ± 1210 ± 50 ± 520 ± 10 ± 40 ± 30 ± 880

Total observed 67472 1471 22461 11630 490 6453
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Relative systematic uncertainty [%]
Source ! mjj >250 GeV

EW ! mjj >1 TeV
EW

EW-Zjj signal modelling (QCD scales, PDF and UEPS) ± 7.4 ± 1.7
EW-Zjj template statistical uncertainty ± 0.5 ± 0.04
EW-Zjj contamination in QCD-enriched region ! 0.1 ! 0.2
QCD-Zjj modelling (mjj shape constraint / third-jet veto) ± 11 ± 11
Stat. uncertainty in QCD control region constraint ± 6.2 ± 6.4
QCD-Zjj signal modelling (QCD scales, PDF and UEPS) ± 4.5 ± 6.5
QCD-Zjj template statistical uncertainty ± 2.5 ± 3.5
QCDÐEW interference ± 1.3 ± 1.5
øtt and single-top background modelling ± 1.0 ± 1.2
Diboson background modelling ± 0.1 ± 0.1
Jet energy resolution ± 2.3 ± 1.1
Jet energy scale +5.3/Ð4.1 +3.5/Ð4.2
Lepton identiÞcation, momentum scale, trigger, pile-up +1.3/Ð2.5 +3.2/Ð1.5
Luminosity ± 2.1 ± 2.1
Total ± 17 ± 16
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 normalized to SM prediction!
0.6 0.8 1 1.2 1.4 1.6 1.8

LHC electroweak Xjj production measurements ATLAS

=7 TeVsATLAS EW-Wjj 
CERN-EP-2017-008

>500 GeVjjm

=8 TeVsATLAS EW-Wjj 
CERN-EP-2017-008

>500 GeVjjm

=8 TeVsCMS EW-Wjj 
JHEP 1611 (2016) 147

>1000 GeVjjm

=8 TeVsATLAS EW-Zjj 
JHEP 1404 (2014) 031

>250 GeVjjm

=13 TeVsATLAS EW-Zjj 
This result (CERN-EP-2017-115)

>250 GeVjjm

Stat. uncertainty Total uncertainty Theory uncertainty

=8 TeVsCMS EW-Zjj 
Eur.Phys.J. C75 (2015) 66

>120 GeVjjm

=8 TeVsLHC EW Higgs 
JHEP 1608 (2016) 045

given Þducial region. Additional contributions arise from varying the QCD renormalisation and factor-
isation scales up and down by a factor of two independently, and from the propagation of uncertainties
in the PDF sets. The normalisation of the diboson contribution is varied according to corresponding to
PDF and scale variations in these predictions [44], and results in up to a 0.1% e! ect on the measured
Zjj cross-sections depending on the Þducial region. The uncertainty from varying the normalisation and
shape inmj j of the estimated background from top-quark production is at most 1% (in the high-mass re-
gion), arising from changes in the extractedZjj cross-sections when using modiÞed top-quark background
MC samples with PDF and scale variations, suppressed or enhanced additional radiation (generated with
the Perugia2012radHi/Lo tunes [24]), or using an alternative top-quark production sample from Mad-
Graph5_aMC@NLO interfaced to Herwig++ v2.7.1 [22, 45].

The systematic uncertainty in the integrated luminosity is 2.1%. This is derived following a methodology
similar to that detailed in Ref. [46], from a calibration of the luminosity scale usingxÐy beam-separation
scans performed in June 2015.

5.5 InclusiveZjj results

The measured cross-sections in the dielectron and dimuon channels are combined and presented here as
a weighted average (taking into account total uncertainties) across both channels. These cross-sections
are determined using each of the correction factors derived from the six combinations of the three QCD-
Zjj (Alpgen, MG5_aMC, and Sherpa) and two EW-Zjj (Powhegand Sherpa) MC samples. For a given
Þducial region (Table1) the cross-section averaged over all six variations is presented in Table3. The
envelope of variation between QCD-Zjj and EW-Zjj models is assigned as a source of systematic uncer-
tainty (1% in all regions except the EW-enriched region where the variation is 3% and the high-mass
region where the variation is 2%).

Fiducial region
InclusiveZjj cross-sections [pb]

Measured
Prediction

value± stat.± syst.± lumi. Sherpa(QCD-Zjj) MG5_aMC (QCD-Zjj) Alpgen(QCD-Zjj)
+Powheg(EW-Zjj) +Powheg(EW-Zjj) +Powheg(EW-Zjj)

Baseline 13.9± 0.1 ± 1.1 ± 0.3 13.5 ± 1.9 15.2 ± 2.2 11.7 ± 1.7

High-pT 4.77 ± 0.05 ± 0.27 ± 0.10 4.7 ± 0.8 5.5 ± 0.9 4.2 ± 0.7

EW-enriched 2.77± 0.04 ± 0.13 ± 0.06 2.7 ± 0.2 3.6 ± 0.3 2.4 ± 0.2

QCD-enriched 1.34± 0.02 ± 0.17 ± 0.03 1.5 ± 0.4 1.4 ± 0.3 1.1 ± 0.3

High-mass 0.30± 0.01 ± 0.03 ± 0.01 0.46 ± 0.11 0.40 ± 0.09 0.27 ± 0.06

EW-enriched
0.118 ± 0.008 ± 0.006 ± 0.002 0.156 ± 0.019 0.185 ± 0.023 0.120 ± 0.015(mj j > 1 TeV)

Table 3: Measured and predicted inclusiveZjj production cross-sections in the six Þducial regions deÞned in Table1.
For the measured cross-sections, the Þrst uncertainty given is statistical, the second is systematic and the third is
due to the luminosity determination. For the predictions, the statistical uncertainty is added in quadrature to the
systematic uncertainties arising from the PDFs and factorisation and renormalisation scale variations.

The theoretical predictions from Sherpa(QCD-Zjj) + Powheg(EW-Zjj), MG5_aMC (QCD-Zjj) + Powheg
(EW-Zjj), and Alpgen(QCD-Zjj) + Powheg(EW-Zjj) are found to be in agreement with the measurements
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Figure 6: Measurements of the EW-Zjj process presented in this Letter at a centre-of-mass energy of 13 TeV, com-
pared with previous measurements at 8 TeV [1], for two di↵erent dijet invariant mass thresholds, mj j > 0.25 TeV
and mj j > 1 TeV. The error bars on the measurements represent statistical and systematic uncertainties added in
quadrature. Predictions from the Powheg event generator with their total uncertainty are also shown.
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Fiducial region
EW-Zjj cross-sections [fb]

Measured Powheg+Pythia

EW-enriched,mj j > 250 GeV 119 ± 16 ± 20 ± 2 125.2 ± 3.4

EW-enriched,mj j > 1 TeV 34.2 ± 5.8 ± 5.5 ± 0.7 38.5 ± 1.5

Table 5: Measured and predicted EW-Zjj production cross-sections in the EW-enriched Þducial regions with and
without an additional kinematic requirement ofmj j > 1 TeV. For the measured cross-sections, the Þrst uncertainty
given is statistical, the second is systematic and the third is due to the luminosity determination. For the predic-
tions, the quoted uncertainty represents the statistical uncertainty, plus systematic uncertainties from the PDFs and
factorisation and renormalisation scale variations, all added in quadrature.

a leptonically decayingZ boson and at least two jets satisfying the Þducial requirements for the EW-
enriched regions as given in Table1 with the requirementsmj j > 250 GeV andmj j > 1 TeV are shown
in Table 5, where they are compared to predictions from Powheg+Pythia. The use of a di! erential
template Þt inmj j to extract the EW-Zjj signal allows systematic uncertainties on the EW-Zjj cross-
section measurements to be constrained by the bins with the most favourable balance of EW-Zjj signal
purity and minimal shape and normalisation uncertainty. For themj j > 250 GeV region, although allmj j

bins contribute to the Þt, the individually most-constrainingmj j interval is the 900Ð1000 GeV bin. The
use of this method results in very similar relative systematic uncertainties in the EW-Zjj cross-section
measurements at the two di! erentmj j thresholds, despite the measured relative EW-Zjj contribution to
the totalZjj rate for mj j > 1 TeV being more than six times the relative contribution of EW-Zjj for
mj j > 250 GeV.

The EW-Zjj cross-sections at
!

s = 13 TeV are in agreement with the predictions from Powheg+Pythia
for bothmj j > 250 GeV andmj j > 1 TeV. The e! ect on the measurement of inclusiveZjj production rates
(Section5.5) from correcting the EW-Zjj production rates predicted by Powheg+Pythia to the measured
rates presented here was found to be negligible. ModiÞcations to themj j distribution shape are already
accounted for as a systematic uncertainty in the inclusiveZjj measurements.

Figure5 shows a summary of the Þducial cross-sections for a leptonically decayingZ boson and at least
two jets at 13 TeV compared to equivalent results at 8 TeV [1] and to theoretical predictions with their
uncertainties. A signiÞcant rise in cross-section is observed between

!
s = 8 TeV and

!
s = 13 TeV

within each Þducial region. In the EW-enriched region, formj j thresholds of 250 GeV and 1 TeV, the
measured EW-Zjj cross-sections at 13 TeV are found to be respectively 2.2 and 3.2 times as large as those
measured at 8 TeV, as illustrated in Figure6.
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Detector level comparisons 
of the leading jet pT 
between data and 
simulation in different 
regions in the combined 
channel. Uncertainties are 
statistical only.

 
EW-Zjj from Powheg and 
QCD-Zjj from Sherpa.


Ratio shows different QCD-
Zjj predictions to data.
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Type Input or requirement

Leptons (e, µ) Prompt
Dressed with prompt photons within ! R = 0 .1 (added to closest prompt lepton)
pT > 5 GeV
|! | < 2.7

Quadruplets Two same-ßavor opposite-charge lepton pairs
Three leading-pT leptons satisfy pT > 20 GeV, 15 GeV, 10 GeV

Events Only quadruplet minimizing |ma
!! ! mZ | + |mb

!! ! mZ | is considered
Any same-ßavor opposite-charge dilepton has massm!! > 5 GeV
! R > 0.1 (0.2) between all same-ßavor (di"erent-ßavor) leptons
Dileptons minimizing |ma

!! ! mZ | + |mb
!! ! mZ | are taken asZ boson candidates

Z boson candidates have mass 66GeV < m!! < 116 GeV

Jets Clustered from all non-prompt particles
Anti- kt algorithm with R = 0 .4
pT > 30 GeV
|! | < 4.5
Rejected if within ! R = 0 .4 of a Þducial lepton
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• systematic uncertainties 
on yield:


• systematic uncertainties 
on correction factor CZZ 
(detector inefficiencies 
and resolution effects)
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Source E!ect on total predicted yield [%]

MC statistical uncertainty 0 .4
Electron e!ciency 0 .9
Electron energy scale & resolution < 0.1
Muon e!ciency 1 .7
Muon momentum scale & resolution < 0.1
Pileup modeling 1.2
Luminosity 3.2
QCD scales +5 .2

! 4.7
PDFs +2 .7

! 1.7
Background prediction 0.9

Total +7 .4
! 6.6

Source 4e 2e2µ 4µ

MC statistical uncertainty 0 .4 0.2 0.1
Electron e!ciency 2 .0 1.0 Ð
Electron energy scale & resolution 0.1 < 0.1 Ð
Muon e!ciency Ð 1.6 3.2
Muon momentum scale & resolution Ð < 0.1 0.1
Pileup modeling 1.3 0.8 2.0
QCD scales & PDFs +0 .4

! 0.8
+0 .3
! 0.4

+0 .3
! 0.6

Event generator 1.8 1.8 0.2

Total 3.1 2.8 3.8
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• yield in signal 
region


• yield in bins of 
pT of leading Z

30

ZZ$  �i +�i -�iÕ+�iÕ- at 13TeV

/ 13
Lake Louise Winter Institute 

20.02.2018

Contribution 4e 2e2µ 4µ Combined

Data 249 465 303 1017

Total prediction ( Sherpa ) 198 +16
! 14 469 +35

! 31 290 +22
! 21 958 +70

! 63

Signal (qøq-initiated) 168 +14
! 13 400 +31

! 28 246 +19
! 18 814 +63

! 57

Signal (gg-initiated) 21 .3 ± 3.5 50.2 ± 8.2 29.7 ± 4.9 101 ± 17
Signal (EW-ZZjj ) 4.36± 0.42 10.23± 0.72 6.43± 0.55 21.0 ± 1.2
ZZ ! ! + ! ! ["+ "! , ! + ! ! ] 0.59± 0.09 0.55± 0.08 0.55± 0.09 1.69± 0.16
Triboson 0.68± 0.21 1.50± 0.46 0.96± 0.30 3.14± 0.30
tøtZ 0.81± 0.25 1.86± 0.56 1.42± 0.43 4.1 ± 1.2
Misid. lepton background 2.1 ± 2.1 4.9 ± 3.9 5.3 ± 5.2 12.3 ± 8.3

Total prediction ( Matrix + corrections) 197 +15
! 14 470 +34

! 31 286 +22
! 21 953 +69

! 64
Total prediction ( Powheg + Pythia 193 ± 11 456 ± 24 286 ± 17 934 ± 50
with higher-order corrections, Sherpa )

pT , Z 1 range [GeV] 0Ð295 295Ð415 415Ð555 555Ð3000

Data 998 16 3 0

Total SM prediction 950 ± 40 10.6 ± 0.9 2.50± 0.33 1.18 ± 0.21

SM ZZ ! ! + ! ! ! "+ ! "! 930 ± 40 10.0 ± 0.9 2.34± 0.33 1.10 ± 0.21
Triboson, tøtZ , ZZ ! " + " ! [! + ! ! , " + " ! ] 9.2 ± 2.8 0.43± 0.13 0.15± 0.05 0.078± 0.028
Misid. lepton background 12 ± 8 0.17± 0.11 < 0.1 < 0.1

signiÞcant deviations from the SM are observed.

Coupling strength Expected 95% CL
!
! 10" 3"

Observed 95% CL
!
! 10" 3"

f !
4 " 2.4, 2.4 " 1.8, 1.8

f Z
4 " 2.1, 2.1 " 1.5, 1.5
f !
5 " 2.4, 2.4 " 1.8, 1.8
f Z
5 " 2.0, 2.0 " 1.5, 1.5

Table 7:One-dimensional expected and observed 95% CL intervals of the aTGC coupling strengths. Each limit is
obtained setting all other aTGC coupling strengths to zero.

ConÞdence intervals are also provided for parameters of the e! ective Þeld theory (EFT) in Ref. [93],
which includes four dimension-8 operators describing aTGC interactions of neutral gauge bosons. The
coe" cients of the operators are denotedC ÷BW/ # 4, CBW/ # 4, CWW/ # 4, andCBB/ # 4, where# is the energy
scale of the new physics described by the EFT. They can be linearly related to the parametersf !

4 , f Z
4 , f !

5 ,
and f Z

5 as described in Ref. [94]. Thus Eq. (3) can be reformulated in terms of the EFT coe" cients and
conÞdence intervals set in the same way as for the coupling strengths. The resulting one-dimensional
EFT conÞdence intervals are given in Table8.

Two-dimensional EFT conÞdence intervals are shown in Figure18.

EFT parameter Expected 95% CL
!
TeV" 4"

Observed 95% CL
!
TeV" 4"

C ÷BW/ # 4 " 8.1, 8.1 " 5.9 , 5.9
CWW/ # 4 " 4.0, 4.0 " 3.0 , 3.0
CBW/ # 4 " 4.4, 4.4 " 3.3 , 3.3
CBB/ # 4 " 3.7, 3.7 " 2.7 , 2.8

Table 8:One-dimensional expected and observed 95% CL intervals of EFT parameters using the transformation
from Ref. [94]. Each limit is obtained setting all other EFT parameters to zero.
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Fiducial Requirements
e!µ!" #!jj"

Leptons 1 electron and 1 muon 1 electron or 1 muon
pT > 20 GeV pT > 25 GeV
no 3rd lepton (pT > 7 GeV) no 2nd lepton (pT > 7 GeV)
|$| < 2.5 |$| < 2.5
opposite charge leptons
! R(#, #!) > 0.1

Photon ! 1 isolated photon
ET > 15 GeV

isolation fraction %p
h < 0.5

|$| < 2.37
! R(#, ") > 0.5

Jets Njets = 0 Njets ! 2 and Nb-jets = 0
pT > 25 GeV pT > 25 GeV
|y| < 4.4 |$| < 2.5

|! $jj | < 1.2
! Rjj < 3.0

70 GeV < m jj < 100 GeV
! R(jet , " ) > 0.5 ! R(jet , " ) > 0.5
! R(jet , #) > 0.3 ! R(jet , #) > 0.3

W boson E miss
T, rel > 15 GeV E miss

T > 30 GeV
meµ > 50 GeV mT > 30 GeV

selection leptonic analysis:


• exactly one e and μ with:

• opposite charge

• both: pT > 20GeV


• at least one additional γ with:

• ET > 15GeV


• MET-rel > 15GeV

• meμ > 50GeV

• jet-veto with pT > 25GeV

selection semi-leptonic analysis:
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• yields for leptonic (left) and semi-leptonic final states (right)
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Process Events Estimation Method

tøt! 4.1± 1.9 MC simulation
Z! 2.7± 1.2 MC simulation
W Z! 2.7± 0.6 MC simulation
Fake ! from e 2.3± 0.6 Corrected simulation
Fake ! from jets 1.7 + 3 .3

! 1.4 2D sideband method
W W ! (" contribution) 1.0 ± 0.1 MC simulation
W t 0.3± 0.1 MC simulation
ZZ 0.2± 0.1 MC simulation
Fake µ from jets 0.1± 0.1 MC simulation
Fake e from jets 0.0 + 0 .6

! 0.0 2D sideband method

Total background 15.1± 4.1 Sum of components
Expected signal 12.2± 1.1 Corrected VBFNLO
Data 26 Measurement

Process Electron Channel Muon Channel Estimation Method

W ! + jets 324 ± 11 407± 11 Simultaneous Þt
Fake ! from jets 82± 7 117± 9 Simultaneous Þt
Fake " from jets 57± 6 27± 5 Simultaneous Þt
tøt! 35± 6 46± 7 MC simulation
Fake ! from e 33± 12 3± 1 Corrected simulation
Z! + jets 19 ± 4 20± 3 MC simulation
W V ! (# contribution) < 1 < 1 MC simulation

Total background 552± 38 621± 31 Sum of components
Expected signal 14± 2 18± 2 Corrected VBFNLO
Data 490 599 Measurement


