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F. The Drell-Yan process

The neutral current Drell-Yan process28 is defined at leading order as the the s-channel production

of a virtual gauge boson from two incoming hadrons with associated initial state quarks and a

subsequent decay to two final state leptons. The mediating bosons are a virtual �⇤, a virtual Z and

an interference of the two. The initial state quarks are of the same flavour and as such one may

originate from the valence and one from the quark-sea; or both from the quark-sea. Figure 3 shows

the Feynman diagram representation of the Drell-Yan process. It is the dominant form of Z boson
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FIG. 3: Feynman diagram of the Drell-Yan process.

production at hadron-hadron colliders and both the neutral and charged current processes have

been studied extensively at the LHC by the ATLAS29–31, CMS32–35 and LHCb36–40 collaborations.

The Drell-Yan cross-section may be measured di↵erentially to achieve sensitivity to the underlying

physics distributions, namely the PDFs and EW constants. The triple di↵erential Drell-Yan cross-

section at leading order (LO) may be written41:
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The measurable parameters of the interaction are defined in terms of the incoming hadrons, the

quarks involved in the hard scatter or the di-lepton pair. The centre-of-mass energy of a hadron-

hadron collision may be written in terms of the four momenta of the incoming hadrons, HA and
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quarks involved in the hard scatter or the di-lepton pair. The centre-of-mass energy of a hadron-

hadron collision may be written in terms of the four momenta of the incoming hadrons, HA and

PDFs & The Drell-
Yan Process

2

Knowing the structure of the proton is 
vital for hadron collider physics. 

It is also a good test of our current 
theory where we can compare 
predictions against the data. 

In high energy physics proton structure 
is typically measured in the form of 

parton distribution functions (PDFs). 

PDFs tell us what the probability of 
encountering a particular proton 

constituent (parton) is. 

The most precise PDF data we have 
currently comes from deep inelastic 

scattering (DIS) experiments. 

Such experiments operate at lower 
energies than the LHC. New PDFs are 
being determined for the LHC era of 

energies…

Proton-proton interaction 
(Measurable at the LHC)

Involves partons 
(Sensitivity to proton structure)

1.

2.

High coupling to the propagator 
(Expect abundance of events)

3.

Simple final state  
(Can measure precisely)

4.
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FIG. 4: The Drell-Yan cross-section as function of invariant mass plotted at
p

s = 8TeV showing

the di↵erent contributions of the �⇤, Z and interference terms42.

where

p±i = Ei ± pz,i (41)

and i = 1, 2 correspond to the negatively charged lepton and positively charged anti-lepton

respectively and pz and pT are the longetudinal and transverse components of the four-momentum

respectively.

Through the cos ✓⇤ variable Drell-Yan events can be classified into two catagories: forward and

backward. Forward events are statistically defined as having a negatively charged lepton produced

in the same direction as an incoming valence quark, cos ✓⇤ > 0. Backward events are statistically

defined as have the positively charged anti-lepton produced in the same direction as the valence

quark, cos ✓⇤ < 0. The two definitions allow the forward-backward asymmetry to be defined; the

di↵erence between forward, �F , and backward, �B , events divided by the total.

AFB =
�F � �B

�F + �B
(42)

Higher order corrections to the Drell-Yan process can be seen in figures 5 and 6. They may include

virtual corrections of gluons and photons; real emission of photons, gluons and quarks; and quark

scattering processes where a gluon or photon originates from the parent hadron. Further higher

order corrections include additional vertices and self-energy corrections and as such the number

of possible Feynman diagrams increases exponentially. The computaion of cross-sections at these

higher orders invokes considerable computing power.

The kinematics of the Drell-Yan process can be simulated on the event level at next-to-leading

(NLO) order and then corrected post-simulation to obtain a NNLO prediction. This can be achieved

by applying k-factors to simulation. In the case just mentioned this would appears as,

kNNLO =
�NNLO(M2, y)

�NLO(M2, y)
(43)

The Measurement
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The Measurement 

•  Three dimensional analysis 
with the 8TeV dataset. 
(20.277fb-1): Mass, Rapidity, 
CosTheta* 

•  Mass & Rapidity distributions 
sensitive to PDFs. CosTheta* 
sensitive to the weak mixing 
angle !W 

 
  PDF sensitivity in 3D 

•  Simultaneous extraction of 
theta_W and PDFs 
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Figure 3.8: Flavour decomposition of the Neutral Current Drell-Yan production as a function of
boson rapidity at

⇤
s = 8 TeV via Z boson (left) and photon (right) exchange.

tain the flavor decomposition for the two processes as a function of the rapidity of the produced boson
(figure 3.8). The process mediated by the photon exchange arises dominantly from the annihilation
of uū quarks, where u can be either a valence or a sea-quark. The contribution from dd̄ annihila-
tion is smaller since the coupling of the photon to quarks is proportional to the electric charge (table
2.3, equation 3.9). Measuring the Drell-Yan cross-section in the low and high invariant mass regions
allows to improve the knowledge of the ū distribution obtained from DIS experiments. The region
under the Z-peak provides information about the valence quarks, ū, d̄ and the fraction of strange-to-
down quarks. An example of an analysis using Drell-Yan data to obtain constraints on proton PDFs
can be found in Appendix A.

Measuring the cross-section as a function of cos� ⇥ is important for extracting of the forward-
backward asymmetry and weak mixing angle as is explained in the next section. The cross-section
calculated in different cos� ⇥ bins, shown in figure 3.9, depends on the sub-processes contributions.

3.3 Forward-Backward asymmetry

Due to the V-A nature of the electroweak interactions the Drell-Yan production cross-section is not
symmetric with respect to the angular distribution � ⇥. Namely, due to the different couplings of left
and right-handed fermions to the weak currents, the directions of the final state leptons are asymmetric
with respect to the initial quark directions.

The asymmetry can be quantified using the relative change of the integrated cross-sections for
forward and backward events:

AFB =
⇥F �⇥B

⇥F +⇥B
, (3.12)

where ⇥F =
1�

0

d⇥
d cos� ⇥ d cos� ⇥ and ⇥B =

0�

�1

d⇥
d cos� ⇥ d cos� ⇥. In terms of the vector and axial vector
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Three analysis strands: 
Electrons: Central-central 
Electrons: Central-forward 

Muons  

Invariant mass and rapidity 
are properties of the propagator

Di-lepton decay angle is a property 
of the leptons with respect to a 

frame of reference of the partons 

Due to the large size of the datasets we can 
afford to measure the Drell-Yan process 

simultaneously in three dimensions. 

• Invariant mass is sensitive to the energy 
scale of the interaction. 

• Rapidity it sensitive to the boost of the 
propagator. 

• Lepton decay angle gives sensitivity to 
higher order processes and electroweak 

parameters.
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been studied extensively at the LHC by the ATLAS29–31, CMS32–35 and LHCb36–40 collaborations.

The Drell-Yan cross-section may be measured di↵erentially to achieve sensitivity to the underlying

physics distributions, namely the PDFs and EW constants. The triple di↵erential Drell-Yan cross-

section at leading order (LO) may be written41:
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where the bosonic and interference terms have been isolated,
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The measurable parameters of the interaction are defined in terms of the incoming hadrons, the

quarks involved in the hard scatter or the di-lepton pair. The centre-of-mass energy of a hadron-

hadron collision may be written in terms of the four momenta of the incoming hadrons, HA and
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The measurement parameters of invariant mass, M , rapidity, y, and lepton decay angle, cos ✓⇤,

have been chosen to achieve sensitivity to the physics underlying the interaction. The dominant

couplings of the partons to the mediating boson change with mass as was seen in figure 4. At

low mass the interaction is dominated by the electromagnetic couplings to the virtual photon and

on the Z-peak they are dominated by the vector and axial-vector couplings; the di↵erent charge

dependence allows the u and d PDF contributions to be resolved. The di↵erent quark contributions

from the quark-sea can be probed through the evolution of the momentum transfer, x, by measuring
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The di-lepton decay angle is defined in the Collins-
Soper frame. This allows for the measurement of the 

forward-backward asymmetry. 

Encoded in this asymmetry are important electroweak 
parameters, such as the weak mixing angle θw. 

Therefore, in total we achieve: 

• PDF sensitivity in 3D 

• 3 analysis channels; muon, electron CC & CF 

• Simultaneous extraction of θw and PDFs.

The Measurement 

•  Three dimensional analysis 
with the 8TeV dataset. 
(20.277fb-1): Mass, Rapidity, 
CosTheta* 

•  Mass & Rapidity distributions 
sensitive to PDFs. CosTheta* 
sensitive to the weak mixing 
angle !W 

 
  PDF sensitivity in 3D 

•  Simultaneous extraction of 
theta_W and PDFs 
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Figure 3.8: Flavour decomposition of the Neutral Current Drell-Yan production as a function of
boson rapidity at

⇤
s = 8 TeV via Z boson (left) and photon (right) exchange.

tain the flavor decomposition for the two processes as a function of the rapidity of the produced boson
(figure 3.8). The process mediated by the photon exchange arises dominantly from the annihilation
of uū quarks, where u can be either a valence or a sea-quark. The contribution from dd̄ annihila-
tion is smaller since the coupling of the photon to quarks is proportional to the electric charge (table
2.3, equation 3.9). Measuring the Drell-Yan cross-section in the low and high invariant mass regions
allows to improve the knowledge of the ū distribution obtained from DIS experiments. The region
under the Z-peak provides information about the valence quarks, ū, d̄ and the fraction of strange-to-
down quarks. An example of an analysis using Drell-Yan data to obtain constraints on proton PDFs
can be found in Appendix A.

Measuring the cross-section as a function of cos� ⇥ is important for extracting of the forward-
backward asymmetry and weak mixing angle as is explained in the next section. The cross-section
calculated in different cos� ⇥ bins, shown in figure 3.9, depends on the sub-processes contributions.

3.3 Forward-Backward asymmetry

Due to the V-A nature of the electroweak interactions the Drell-Yan production cross-section is not
symmetric with respect to the angular distribution � ⇥. Namely, due to the different couplings of left
and right-handed fermions to the weak currents, the directions of the final state leptons are asymmetric
with respect to the initial quark directions.

The asymmetry can be quantified using the relative change of the integrated cross-sections for
forward and backward events:

AFB =
⇥F �⇥B

⇥F +⇥B
, (3.12)

where ⇥F =
1�

0

d⇥
d cos� ⇥ d cos� ⇥ and ⇥B =

0�

�1

d⇥
d cos� ⇥ d cos� ⇥. In terms of the vector and axial vector
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Due to the V-A nature of the electroweak interactions the Drell-Yan production cross-section is not
symmetric with respect to the angular distribution � ⇥. Namely, due to the different couplings of left
and right-handed fermions to the weak currents, the directions of the final state leptons are asymmetric
with respect to the initial quark directions.
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Three analysis strands: 
Electrons: Central-central 
Electrons: Central-forward 

Muons  

Example higher order processes

The Measurement
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Figure 1: The Collins-Soper frame (left). Its longitudinal axis, ẑ, bisects the momentum vectors P1 and
�P2 of the partons. The angle between ẑ and the vector of the lepton (e�) is the Collins-Soper polar
angle ✓⇤. Classification of forward and backward events (right). In a forward event, the outgoing lepton
is produced travelling in the same direction as the incoming quark (top). A backward event has the
antilepton travelling in the same direction as the quark (bottom).

With ✓⇤ defined, it is possible to classify Drell-Yan events into two categories: foward and backward.161

Events in which the lepton is produced travelling in the same direction as the quark are classified as162

forward. Conversely, events in which the antilepton travels in the direction of the quark are backward.163

These two configurations can be seen in the diagram on the right side of Figure 1 where the top image164

illustrates a forward event and the bottom a backward event.165

Probabilistically, the direction of the quark can be determined by the longitudinal direction of the166

Z. It is more probable for the quark to carry more momentum than the antiquark than vice versa. This167

e↵ect can be seen in Figure 2 which shows the parton distribution functions of the u and d quarks as a168

function of momentum fraction x; also shown are the PDFs of antiquarks. For large x, the PDFs of the169

u and d are larger than those of the antiquarks. So when a quark and an antiquark collide, the rapidity170

of the resultant Z boson is more likely to be in the direction of the quark. However, if the boson rapidity171

is small it becomes impossible to identify the direction of the quark since both the quark and antiquark172

have nearly equal momenta for small rapidities.173

The forward-backward asymmetry is defined as the di↵erence in forward and backward events over174

all events:175

AFB =
�(cos ✓⇤ > 0) � �(cos ✓⇤ < 0)
�(cos ✓⇤ > 0) + �(cos ✓⇤ < 0)

. (7)

A theoretical calculation of AFB is shown in Figure 3. It is expected to depend on
p

ŝ, the partonic176

centre of mass energy, which in the Drell-Yan process can be equated to the dilepton invariant mass M``.177

The shape of the AFB distribution as a function of M`` is dependent on the relative fractions of u-type178

and d-type quarks. The exact location of the point AFB = 0 is sensitive to the value of sin2 ✓e↵W . The179

forward-backward asymmetry is expected to vary with dilepton rapidity y`` as well. Due to the di�culty180

in identifying the quark direction at low rapidity values, there is a reduced sensitivity to the asymmetry181

or a dilution of the e↵ect. For large boson rapidities, there is a large di↵erence in momenta between the182

quark and antiquark. This allows the quark direction to be correctly assigned with higher probability.183

Thus for larger rapidity values, there is expected to be an increased sensitivity to AFB.184
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Events in ATLAS
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Inner detector 27

Figure 4.2: A computer generated image of the ATLAS detector, [47].

In the forward detector region three smaller systems are installed. Two systems which determine
the luminosity delivered to ATLAS, LUCID (LUminosity measurement using Cerenkov Integrat-
ing Detector) and ALFA (Absolute Luminosity For ATLAS). The third system is the Zero-Degree
Calorimeter (ZDC) which determines the centrality of heavy-ion collisions.

ATLAS uses a right-handed coordinate system with the origin at the interaction point. The beam
direction defines the z-axis, the x-axis points to the center of the LHC ring and the positive y-axis is de-
fined as pointing upwards. Cylindrical coordinates (r, f ) are used in the transverse plane, f being the
azimuthal angle. The pseudorapidity is defined in terms of the polar angle q as h =� ln(tan(q/2)).
The transverse momentum pT , transverse energy ET , and the missing transverse energy Emiss

T are
defined on the x� y plane. ATLAS is forward-backward symmetric with respect to the interaction
point.

4.2.1 Inner detector

The ATLAS Inner Detector provides charged-particle tracking with high efficiency over the pseudo-
rapidity range h < 2.5. A particle crosses three layers of pixel detectors, then eight layers of silicon
strips comprising the SCT. The TRT detector provides a large number of hits (in average 36). The
passage of the particle through the inner detector is shown in Figure 4.3. The position and momentum
is required to be measured with minimum energy losses to allow for a precise energy measurement
by the calorimeter system.

The highest granularity is achieved around the vertex region using a silicon pixel detector. Ap-

We use the ATLAS detector at CERN to record 
interesting events for us to analyse. 

An example di-muon candidate event is shown. 
(Visible: beam-pipe, inner detector tracks, 
muon tracks and excited muon chambers)
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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Zµµ Signal Selection

6

Selection: 
Each event we require: 
• Good status of the detector 
• Vertices ≥ 1 
• Tracks to primary vertex ≥ 3 
• No. reconstructed muons ≥ 2 
• Events from the following triggers 

• 36GeV muon trigger 
• 24GeV isolated muon trigger 
• 18GeV di-muon trigger 

• Good muon reconstruction quality 
• Muon matched triggers 
• Impact parameter cuts 
• Pseudo-rapidity, |η| < 2.4 
• Muon pT > 20GeV 
• Isolation 
• Third muon veto 
• Mass > 46GeV

Other Backgrounds 
• Single top 
• DY -> tau,tau 
• W -> mu,nu 
• W -> tau,nu

Day in 2012
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 = 8 TeVs      PreliminaryATLAS
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Good for Physics

-1Total Delivered: 22.8 fb
-1Total Recorded: 21.3 fb

-1Good for Physics: 20.3 fb

For this √s=8TeV analysis: Total 
integrated luminosity = 20.24fb-1 (± 1.9%)
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VI. OUTLINE OF PARAMETERS

The measurement cannot cover all phase space due to physical and measurement limitations

therefore we shall measure in this phase space.

A. Background Processes

�

�
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FIG. 17: Background processes to the measurement of the Drell-Yan process.

Photon Induced Diboson ttbar

Background Processes
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The Fiducial Volume

7

x1,2 =
Mllp
s

e

yZ/�⇤

Muon and CC-Electron channel
• Fine binning in rapidity to capture PDF 

/ dilution variation. 
• Relatively coarse bins in mass to 

mitigate migrations. 
• Bin boundaries set for trivial extraction 

of asymmetry and reduction of E-
resolution504 Analysis bins

 Log(x)
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 = 8 TeV)sATLAS (
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ZCC, ZMM
ZCF

llQ = M s
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 y± ellM
 = 1,2x

 = 46 GeVllM

 = 200 GeVllM
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ll

y  = 2.4
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y

Each parton carries a fraction, x, of 
the incoming proton’s momentum.

The plot above shows the coverage of the 
analysis phase-space in  comparison to that 
achieved at HERA. (Q = invariant mass)

M = Invariant mass 
y = Rapidity 

√s = Collision energy

Binning 
Invariant Mass: 

7 bins from 46GeV to 200GeV 

|Rapidity|:  
12 bins from 0.0 to 2.4 

Cosθ*: 
6 bins from -1.0 to +1.0

12

F. The Drell-Yan process

The neutral current Drell-Yan process28 is defined at leading order as the the s-channel production

of a virtual gauge boson from two incoming hadrons with associated initial state quarks and a

subsequent decay to two final state leptons. The mediating bosons are a virtual �⇤, a virtual Z and

an interference of the two. The initial state quarks are of the same flavour and as such one may

originate from the valence and one from the quark-sea; or both from the quark-sea. Figure 3 shows

the Feynman diagram representation of the Drell-Yan process. It is the dominant form of Z boson

HB

HA

l̄

�B

qa

�A

q̄b

�⇤/Z
l

FIG. 3: Feynman diagram of the Drell-Yan process.

production at hadron-hadron colliders and both the neutral and charged current processes have

been studied extensively at the LHC by the ATLAS29–31, CMS32–35 and LHCb36–40 collaborations.

The Drell-Yan cross-section may be measured di↵erentially to achieve sensitivity to the underlying

physics distributions, namely the PDFs and EW constants. The triple di↵erential Drell-Yan cross-

section at leading order (LO) may be written41:
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The measurable parameters of the interaction are defined in terms of the incoming hadrons, the

quarks involved in the hard scatter or the di-lepton pair. The centre-of-mass energy of a hadron-

hadron collision may be written in terms of the four momenta of the incoming hadrons, HA and
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The Z-boson propagator 
provides the well known Z-peak

Parton interactions involving 
the quark sea populate the 
higher ranges of rapidity 

Good agreement between data 
and MC is observed.
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F. The Drell-Yan process

The neutral current Drell-Yan process28 is defined at leading order as the the s-channel production

of a virtual gauge boson from two incoming hadrons with associated initial state quarks and a

subsequent decay to two final state leptons. The mediating bosons are a virtual �⇤, a virtual Z and

an interference of the two. The initial state quarks are of the same flavour and as such one may

originate from the valence and one from the quark-sea; or both from the quark-sea. Figure 3 shows

the Feynman diagram representation of the Drell-Yan process. It is the dominant form of Z boson
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FIG. 3: Feynman diagram of the Drell-Yan process.

production at hadron-hadron colliders and both the neutral and charged current processes have

been studied extensively at the LHC by the ATLAS29–31, CMS32–35 and LHCb36–40 collaborations.

The Drell-Yan cross-section may be measured di↵erentially to achieve sensitivity to the underlying

physics distributions, namely the PDFs and EW constants. The triple di↵erential Drell-Yan cross-

section at leading order (LO) may be written41:

d�

dMdyd cos ✓⇤
=

⇡↵2

3sM

X

q

⇥
Fq(xa, Q

2)Fq̄(xb, Q
2) + (q $ q̄)

⇤

·
✓

P �
q + P �Z

q

2M2(M2 � M2

Z)

(M2 � M2

Z)2 + �2

ZM2

Z

+ PZ
q

M4

(M2 � M2

Z)2 + �2

ZM2

Z

◆
(30)

where the bosonic and interference terms have been isolated,

P �
q = Q2

l Q
2

q(1 + cos2 ✓⇤) (31)

P �Z
q =

QlQq

sin2 ✓W cos2 ✓W

⇥
vlvq(1 + cos2 ✓⇤) + 2alaq cos ✓⇤

⇤
(32)

PZ
q =

1

sin4 ✓W cos4 ✓W

⇥
(v2l + a2

l )(v
2

q + a2

q) + 8vlalvqaq cos ✓⇤
⇤

(33)

The measurable parameters of the interaction are defined in terms of the incoming hadrons, the

quarks involved in the hard scatter or the di-lepton pair. The centre-of-mass energy of a hadron-

hadron collision may be written in terms of the four momenta of the incoming hadrons, HA and
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• In the muon channel all systematics are accounted for. 
• These plots show that the measurement is statistics dominated at 

high mass, and systematics dominated on the Z-peak. 
• The main systematic error sources are the muon scale and the 

unfolding.

Unfolded to born level
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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(b) The distribution of pileup weights applied to elec-
troweak MC.

Reco. Weight
0.92 0.94 0.96 0.98 1 1.02 1.04 1.06

N
o
. 
T

h
ir
d
 C

h
a
in

 D
im

u
o
n
 e

ve
n
ts

-110

1

10

210

310

410

510

610

710

810

910

1010

1110

Reco. Weight Spectrum: 46M200

Data

DY

Ztautau

Photon Ind.

Diboson

QCD (ABCD)

ttbar

singletop

Wmunu

Wtaunu

ATLAS

Work in progress

=8 TeVs

(c) The distribution of muon reconstruction e�ciency
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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Combination

10

The Z3D analysis uses the 
HERAverager tools 

The electron CC and muon channels 
provide covariance matrices of error 

sources 

A conversion of these matrices to 
nuisance parameter representation  is 

required to interface with 
HERAverager 

HERAverager provides the pulls and 
reductions of systematic sources after 
the combination along with the chi^2. 

The full list of pulls and reductions of 
systematic uncertainties may be seen 

in the support note.
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Covariance matrix representation

Nuisance parameter representation

The two representations are equivalent, following: 

data:µi, theory:mi, Cov.matrix:Cij

Nuis. param.: bl, cross sec.:�li
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Figure 61: Correlation coe�cient for the electron identification uncertainty for the cross-section mea-
surement bins i as determined by the toy MC method (left) and decomposed using the eigenvector de-
composition (right). The bin range is zoomed around the Z peak region.
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Figure 62: Correlation coe�cient for the muon momentum sagitta correction uncertainty for the cross-
section measurement bins i as determined by the toy MC method (left) and decomposed using the eigen-
vector decomposition (right). The bin range is zoomed around the Z peak region.

Table 16: Values of the parameter feig, described in the text, and the number of resulting e↵ective nui-
sance parameters, NNP, for di↵erent sources of uncertainty.

Sources of uncertainty feig value NNP

Muon reconstruction e�ciency 0.8 5
Muon trigger e�ciency 0.8 9
Muon sagitta correction 0.01 34
Electron reconstruction e�ciency 0.002 28
Electron identification e�ciency 0.002 11
Electron triggger e�ciency 0.002 17
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Figure 71: ZCC, ZMM, and combined three-dimensional cross-section measurements plotted as a func-
tion of cos ✓⇤ in the range of 80 < Mee < 91 GeV and 1.2 < |yZ/�⇤ | < 2.4.

Combined Results:

80 more plots such 
as these due to 
having so many 

bins…

…Good agreement 
is observed across 
the measurement 

phase-space.
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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Conclusions

12

The experiment channels are ready 
to be compared to the theory 

predictions. 
Due to the analysis parameters, 

predictions have been difficult to 
calculate so far - we remain patient. 

However, the strong agreement 
between electrons and muons is a 

very promising sign. 

We aim for publications of this 
work and the simultaneous PDF + 

θw extraction this year. 
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Figure 65: Distribution of pulls for cross-section measurements pd (left) and systematic nuisance param-
eters ps (right).

To further reduce the number of nuisance parameters, only significant sources of uncertainty are1518

treated using full covariance model for the final combination. Importance of the correlation model for1519

each source is judged by the size of the uncertainty per bin and by the change of the �2 value for the com-1520

bination result using di↵erent assumptions. For sources with large correlation, one nuisance parameter1521

model is considered while for sources with small correlation fully uncorrelated treatment is used as an1522

alternative. Based on this procedure, the sources which retain full correlated treatment are, in the moun1523

channel: reconstruction and trigger e�ciency as well as sagitta correction uncertainty; in the electron1524

channel: reconstruction, identification and trigger e�ciency. For these sources di↵erent values of the pa-1525

rameter fsag have been chosen, as described in Table 16 which also lists the resulting number of nuisance1526

parameters used for each source.1527

8.2 Results1528

The combination of the electron central-central and muon data yields the total �2/do f = 496.2/456. The1529

shifts of the nuisance parameters and their uncertainties are given in Tables 17,18. Figure 65 shows the1530

pull distributions for the cross-section data points and for the systematic nuisance parameters. Note that1531

the pull distribution for the cross-section data is symmetric by construction since there are exactly two1532

data samples which are combined. The spread of the cross-section data pulls and systematic uncertainties1533

is consistent with unity.1534

8.3 Additional consistency checks1535

TO BE COMPLETED Several additional checks were performed to validate robustness of the combina-1536

tion procedure and consistency of the electron and muon channel data. The sensitivity to the correlation1537

model is probed by varying the parameter feig. Increasing feig reduces number of nuisance parameter1538

used for the combination and increases uncorrelated systematic uncertainties.1539

— Describe procedure to integrate over bins (error propagation), give results.1540

Distribution of pulls for cross-section measurements pd (left) 
and systematic nuisance parameters ps (right). 

χ2/dof = 496.2/456 
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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(a) The distribution of muon isolation weights applied to
electroweak MC.
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(b) The distribution of pileup weights applied to elec-
troweak MC.
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(c) The distribution of muon reconstruction e�ciency
weights applied to electroweak MC.
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(d) The distribution of muon trigger e�ciency weights ap-
plied to electroweak MC.

Figure 29: Distributions of the muon reconstruction level weights applied to electroweak Monte-Carlo
simulation.
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