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Theoretical Motivation
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(a) Leading Order (b) Next to leading or-
der

(c) Parton shower (d) Next to leading +
parton shower

Figure 1: Feynman diagrams for the Z Boson

Similar measurements were already performed with smaller statistics using 2011 ATLAS235

data [15] and [16]. The 2012 data sample has a 4 times larger integrated luminosity and also236

slightly different kinematic regime (changes from
�

s = 7 to 8 TeV). Due to the larger available237

statistics, the presented measurement of pT (Z) was performed in finer binning for pT (Z) and238

y(Z) and also lowered the invariant mass treshold to 12 GeV. In addition, the highest measured239

transverse momentum of the Z Boson is larger than 500GeV. In this regime, electroweak ef-240

fects become important and could be therefore tested for the first time in a Z boson transverse241

momentum measurement.242

It should be noted, that the precise measurement of the Z boson pT does not only allow for243

the test of pQCD predictions and the corresponding MC-tuning, but is also an highly important244

input for the measurement of electroweak observables, such as the W boson mass.245

1.3 Organisation of this Note246

This supporting documentation is structured as follows: The data and Monte Carlo samples247

used in the analysis are presented in Sec. 2. A detailed overview of the event reconstruction and248

signal selection is given in Sec. 3. The measurement strategy of the differential cross-sections249

is introduced in Sec. 4, while the methodology and the results of the background estimation250

is presented in Sec. 5. The statistical and systematic uncertainties for both decay channels251

are independently from each other discussed in Sec. 7 and the final results are summarized in252

Sec. 8. After the combination of the results based on electron- and muon-decay channels, which253

is presented in Sec. 9, we compare the measurement to various theoretical predictions in Sec. 10.254

A summary of the results can be found in Sec. 11.255

The measurements, presented here were performed by two groups, working in parallel but256

using independently-written analysis software. The signal selections and all MC corrections257

discussed below, were used in each group.258

PZ
T/„ú

÷ Measurement:
The dynamical e�ects of the strong interaction can be
studied by measuring the transverse momentum or „ú

÷ of the
Z/“ú boson

Transverse momentum is imparted to the Z/“ú boson from
the radiation of partons as the Z recoils from the hadronic
system

This measurement is an ideal test of perturbative QCD
(pQCD) calculations

Can also test QCD predictions re-summed to all perturbative
orders of –

s

complemented with Parton Showers (PS)

Good modelling of the transverse momentum of vector
bosons is crucial for precise measurement of the W P

T

hence the W mass
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[arxiv:1108.6308v2], [Phys.Rev.D 85 (2012) 012005]
Vector Boson plus Jets Measurement:

Production of vector (Z and W ) bosons in association with jets can be used to test pQCD and Monte Carlo (MC)
generators based on LO or NLO matrix elements matched to a PS
The ratio of W + jets and Z+ jets provides a more precise test of pQCD since some experimental uncertainties are
significantly reduced
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Z/“ú Boson Transverse Momentum

Measurement:

qq̄ æ Z/“ú æ l

+
l

≠, l = e, µ

2011, 4.7 fb≠1,
Ô

s = 7 TeV

Fiducial volume:
66 < M

ll

< 116 GeV

p

l

T

> 20 GeV

|÷l | < 2.4
Background:

Multi-jet background dominates
at low P

Z

T

, estimated from data
using isolation distributions

Electroweak and top quark
backgrounds estimated using MC

Systematics:
e-channel: Dominated by energy
modelling

µ-channel: Dominated by muon
selection e�ciency
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Z/“ú Boson Transverse Momentum

Comparison with QCD Predictions
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QCD Predictors:

ResBos:
Resummation module for Bosons

NNLL resummation at low P

Z

T

O(–
s

) + O(–2
s

) in pQCD

Result: Describes the P

Z

T

spectrum
well over the entire range

FEWZ:
Fully Exclusive W, Z Production
through NNLO in pQCD

O(–2
s

) in pQCD

Result: Struggles at low P

Z

T

, 10%
discrepancy to data in central region

DYNNLO:
Drell-Yan at NNLO

O(–2
s

) in pQCD

Variable renormalization scale
µ

r

(EZ

T

)

Result: Struggles at low P

Z

T

, 10%
discrepancy with data at central
region
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Z/“ú Boson Transverse Momentum
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Comparison with MC Generators:
Result: POWHEG+PYTHIA (NLO+PS+UE) generators agree
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(Multi-Leg-LO+PS+UE), and SHERPA (Multi-Leg-LO+PS) show
significant discrepancies at low and high values of P

Z

T

PYTHIA8 and POWHEG+PYTHIA8 generators were tuned to
probe sensitivity of generator parameters to the measurement

The parton shower model parameters were tuned

Result: Tuned predictions are in agreement with data within 2% for
P

Z

T

< 50 GeV
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Z/“ú Boson „ú
÷

The observable „ú
÷ probes low P

Z

T

with excellent experimental precision.

4

ence the measurement of the W boson mass as well as
searches for Higgs bosons and physics beyond the stan-
dard model at the LHC. It is important to study quanti-
tatively such x-dependencies at the Tevatron, where they
can be probed using the dependence of the p��

T distribu-
tion on boson rapidity [5].

In the region of low p��
T , the precision of the most

recent measurements at the Tevatron [6, 7] was domi-
nated by uncertainties in correcting for experimental res-
olution and e�ciency. Furthermore, the choice of bin
widths was restricted by experimental resolution rather
than event statistics. The variable aT , which corresponds
to the component of p��

T that is transverse to the dilep-
ton thrust axis, t̂, has been proposed as an alternative
analysing variable that allows us to study the issues dis-
cussed above, but is less susceptible than the p��

T to detec-
tor e�ects [8]. Figure 1 illustrates this and other relevant
variables defined below. The aT distribution was subse-

Ta
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p(lepton1)
T

p
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acopφ

 t 
Recoil

FIG. 1: Illustration of the variables defined in the text and
used to analyse the dilepton transverse momentum.

quently calculated to next-to-leading-log (NLL) accuracy
using resummation techniques [9]. Additional analysing
variables with even better experimental resolution have
recently been proposed and studied [10]. The optimal
variable was found to be ��

�, which is defined as:

��
� = tan (�acop/2) sin(��

�),

where �acop is the acoplanarity angle, given by: �acop =
� � ����, and ���� is the di�erence in azimuthal an-
gle, �, between the two lepton candidates. The vari-
able ��

� is a measure of the scattering angle of the lep-
tons with respect to the proton beam direction in the
rest frame of the dilepton system. It is defined [10]
by: cos(��

�) = tanh [(�� � �+) /2], where �� and �+ are
the pseudorapidities [5] of the negatively and positively
charged lepton, respectively.

The variable ��
� is highly correlated with the quan-

tity aT /m��, where m�� is the dilepton invariant mass.
Since �acop and ��

� depend exclusively on the directions
of the two leptons, which are measured with a precision
of a milliradian or better, ��

� is experimentally very well
measured compared to any quantities that rely on the
momenta of the leptons.

We present a measurement of the normalized ��
� dis-

tribution, (1/�) � (d�/d��
�), in bins of |y|, using 7.3 fb�1

of pp̄ collisions collected by the D0 detector at the Fer-
milab Tevatron. The ��

� distributions are measured in
both dielectron and dimuon events and are corrected for
experimental resolution and e�ciency. We correct back
to the level of observable, generator-level particles; that
is, we apply kinematic selection criteria at the particle
level that match those applied in the selection of can-
didate events in the data [11]. Particle level electrons
are defined as the four-vector sum of any electrons and
photons within a cone of �R =

�
(��)2 + (��)2 < 0.2

around an electron, where �� (��) is the distance in
� (�) from the particle level electron; this mimics the
measurement of electron energy in the calorimeter. Par-
ticle level muons are defined after QED final state radi-
ation; this mimics the measurement of muon momentum
in the tracking detector. The kinematic selection criteria
are: electrons must satisfy pT > 20 GeV and |�| < 1.1
or 1.5 < |�| < 3; muons must satisfy pT > 15 GeV and
|�| < 2; m�� must fall within the range 70–110 GeV.

The corrected data are compared to predictions from
the Monte Carlo (MC) program ResBos [12] with the
above kinematic selection criteria applied at the particle
level. ResBos generates Z/�� boson events with initial
state QCD corrections to next-to-leading order (NLO)
and NLL accuracy together with: a non-perturbative
form factor, whose width is controlled primarily by the
parameter g2 (with default value [0.68+0.02

�0.01] GeV2)[2]; an
additional next-to-NLO (NNLO) K-factor [13]; CTEQ6.6
NLO parton distribution functions (PDFs) [14]; and
QED radiative corrections from photos [15]. The QCD
factorization and renormalization scales are set event by
event to the mass of the Z/�� boson propagator.

The D0 detector [16] consists of: silicon microstrip
and central fiber tracking detectors, located within a 2 T
superconducting solenoid; a liquid-argon/uranium sam-
pling calorimeter; and an outer muon system consisting
of tracking and scintillation detectors located before and
after 1.8 T toroids. Candidate dielectron events are re-
quired to satisfy a trigger based on the identification
of a single electron and to contain two clusters recon-
structed in the calorimeter with a transverse and longi-
tudinal shower profile consistent with that expected of
an electron. The calorimeter is housed in three sepa-
rate cryostats; this has the e�ect that electron identi-
fication is degraded in the region 1.1 < |�| < 1.5. Can-
didate dimuon events are required to satisfy a trigger
based on the identification of a single muon and to con-
tain two muons reconstructed either in the outer muon
system, or as an energy deposit consistent with the pas-
sage of a minimum-ionizing particle in the calorimeter.
In order to ensure an accurate measurement of the lep-
ton directions at the point of production, the two lep-
ton candidates are required to be matched to a pair of
oppositely charged particle tracks reconstructed in the
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„ú
÷ depends only on the directions of the two lep-

tons, which are typically measured better than
their momenta.
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Z/“ú Boson „ú
÷

Measurement:

qq̄ æ Z/“ú æ l

+
l

≠, l = e, µ

2011, 4.7 fb≠1,
Ô

s = 7 TeV

Fiducial volume:
66 < M

ll

< 116 GeV

p

l

T

> 20 GeV

|÷l | < 2.4
Background:

Multi-jet background dominates at
low „ú

÷

Template fit data driven method for
multi-jet background

Electroweak and top quark
estimated using MC

Systematics:
e-channel: Dominated by the
limited MC statistics

µ-channel: Dominated by the
limited MC statistics
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Z/“ú Boson „ú
÷

RESBOS Baseline Comparisons:
For „ú

÷ < 0.1, the di�erence between data and RESBOS is about 2% increasing to about 5% for larger
values of „ú

÷

Note: The PDF uncertainty on the RESBOS prediction ranges from 4-6% which is within the data
measurement
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NLO FEWZ calculation
Result: Since fixed order pQCD (without
resummation) was not expected to give a good
prediction at low-„ú

÷ , the FEWZ prediction was
not shown there
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Z/“ú Boson „ú
÷

Ratio of di�erential
cross-sections from
data/prediction to RESBOS
shown for several |y

Z

| regions

Comparison is made for several
Monte Carlo generators

Result: SHERPA and ALPGEN
describe the data well for
„ú

÷ > 0.1 but encounter some
problems for „ú

÷ < 0.1

Result: MC@NLO fails to
describe the data for „ú

÷ > 0.1
but for „ú

÷ < 0.1, results were
within 4-7%

Result: POWHEG+PYTHIA8
are within 5% of data over the
entire range

Result: POWHEG+PYTHIA6
and POWHEG+HERWIG PS
tunings were changed but
resulted in worse descriptions
than POWHEG+PYTHIA8
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RESBOS: NNLL resummation + O(–
s

) + O(–2
s

) in pQCD

PYTHIA: LO + PS

SHERPHA: LO with up to 5 additional hard partons + PS

ALPGEN: LO with up to 5 additional hard partons (with HERWIG (PS) and JIMMY
(UE))

MC@NLO: NLO (with HERWIG (PS) and JIMMY (UE))

POWHEG: NLO
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Z+Jets Events

Measurement:

Z + jets æ l

+
l

≠ + jets, l = e, µ

2011, 4.7 fb≠1,
Ô

s = 7 TeV

Fiducial volume:
66 < M

ll

< 116 GeV

p

l

T

> 20 GeV

|÷l | < 2.4
Jet selection:

p

j

T

> 30 GeV

|yj | < 4.4

�R

lj > 0.5
Background:

Multi-jet and tt̄ estimated
using data driven techniques

EW estimated using MC
Systematics:

Dominated by the jet energy
scale
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Z+Jets Events
Comparisons to MC Generators:

Cross-sections for
dressed leptons and
particle jets unfolded to
fiducial volume
Cross-section as a
function of inclusive jet
multiplicities (left) and
ratio of inclusive jet
multiplicities (right)
BLACKHAT(NLO) +
SHERPA + CT10
ALPGEN 2.13 +
HERWIG + JIMMY +
CTEQ6L1
SHERPA 1.4.1 +
MEnloPS + CT10
MC@NLO agrees only
for at most Ø 1 jet (one
parton from NLO real
emission), otherwise
HERWIG PS fails to
model jet multiplicities

“Staircase” scaling
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Result: Good description of the data is obtained by using fixed order
NLO calculations and multi-leg MC + PS
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Z+Jets Events

Staircase scaling:

Staircase scaling
expected when no major
kinematic cuts are
applied
Jet rate ‡n ≥ exp≠bn

Ratio ‡n+1/‡n ≥
constant

Poisson scaling:

Expected when jet
acceptance cut is much
larger than the hard
process scale
Emerges when the
di�erence in energy scale
between the leading jet
and other jets is large
Jet rate ‡n ≥
Poisson(n|µ

n

)
Exclusive ratio
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/(n + 1)

Jet multiplicity ratios are expected to follow one of two benchmark
patterns
Its behaviour can be used to extrapolate the jet rate to higher multiplicities
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Ratio R = (W + jet)/(Z + jet)

Sensitive to the di�erences between W +jets and Z+jets events
Large amount of cancellation of experimental uncertainties and non-pQCD e�ects

Measurement:

W + jets æ l‹ + jets, Z/“ú + jets æ l

+
l

≠ + jets, l = e, µ

2011, 4.7 fb≠1,
Ô

s = 7 TeV

Lepton W Boson Z Boson Jet
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> 40 GeV 66 < M

ll

< 116 GeV p
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> 30 GeV
|÷l | < 2.5 P
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> 25 GeV �R
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> 0.2 |÷l | < 4.4
�R

lj

> 0.5

Background:
Multi-jet and tt̄: Data driven template
fits
Electroweak: Monte Carlo

Systematics:
Jet energy resolution
Jet energy scale
Multi-jet background
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Ratio R = (W + jet)/(Z + jet)

Comparisons to MC Generators:

Ratio of combined
cross-sections unfolded
to the fiducial volume
Ratio as a function of
inclusive (left) and
exclusive (right) jet
multiplicities
BLACKHAT(NLO) +
SHERPA + CT10
ALPGEN 2.13 +
HERWIG + JIMMY +
CTEQ6L1
SHERPA 1.4.1 +
MEnloPS + CT10
MC@NLO agrees only
for at most Ø 1 jet (one
parton from NLO real
emission), otherwise
HERWIG PS fails to
model jet multiplicities
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Result: Good description of the data is obtained by using fixed order
NLO calculations and multi-leg MC + PS

Tony Kwan (ATLAS Collaboration) DIS2015 April 28, 2015 15 / 16



Conclusions

A wide variety of vector boson plus jets measurements have been made at the LHC with the
ATLAS detector

Such measurements provide stringent tests of perturbative QCD and our ability to model it

In general, comparisons made with generators were good especially those with NLO
calculations and Multi-Leg Monte Carlo with Parton Shower modelling

Many ATLAS 8 TeV analyses on this topic are in very mature stages

At 13 TeV, new kinematic phase spaces will be available to be tested leading to an enhanced
understanding of QCD
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