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Abstract A measurement of the forward—backward asym-
metry App of oppositely charged lepton pairs (up and
ee) produced via Z/y™* boson exchange in pp collisions at
/s = 8TeV is presented. The data sample corresponds to
an integrated luminosity of 19.7 fb~! collected with the CMS
detector at the LHC. The measurement of App is performed
for dilepton masses between 40 GeV and 2 TeV and for dilep-
ton rapidity up to 5. The Apg measurements as a function of
dilepton mass and rapidity are compared with the standard
model predictions.

1 Introduction

A forward-backward asymmetry App in the production of
Drell-Yan lepton pairs arises from the presence of both
vector and axial-vector couplings of electroweak bosons to
fermions. For a given dilepton invariant mass M the differ-
ential cross section at the parton level at leading order (LO)
can be expressed as

do
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dcos8™) — A(l 4+ cos”0™) + Bcos*, e))

where 0* represents the emission angle of the negatively
charged lepton relative to the quark momentum in the rest
frame of the dilepton system, and A and B are parameters
that depend on M, the electroweak mixing angle 6w, and
the weak isospin and charge of the incoming and outgoing
fermions. The App quantity is

OF — OB
App = , (2)
OF + OB

where o (o) is the total cross section for the forward (back-
ward) events, defined by cos8* > 0 (cos6* < 0). App
depends on M, quark flavor, and the electroweak mixing
angle Oy . Near the Z boson mass peak App is close to zero
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because of the small value of the lepton vector coupling to
Z bosons. Due to weak-electromagnetic interference, Arp is
large and negative for M below the Z peak (M < 80GeV)
and large and positive above the Z peak (M > 110GeV).
Deviations from the SM predictions could result from the
presence of additional neutral gauge bosons [1-5], quark-
lepton compositeness [6], supersymmetric particles, or extra
dimensions [7]. Around the Z peak, measurements of App
can also be used to extract the effective weak mixing angle
sin? Gfef;t(mz) [8,9] as well as the u and d quark weak cou-
pling [9-12].

To reduce the uncertainties due to the transverse momen-
tum (pr) of the incoming quarks, this measurement uses the
Collins—Soper (CS) frame [13]. In this frame, 6 is defined
as the angle between the negatively charged lepton momen-
tum and the axis that bisects the angle between the quark
momentum direction and the opposite direction to the anti-
quark momentum. In the laboratory frame, 6 is calculated
as

2Pt Py — P P))
V QX0+ 07)

where Q and Qr represent the four-momentum and the pr
of the dilepton system, respectively, while P (P») represents
the four-momentum of £~ (¢1) with P~ = (E; + P, ;)//2,
and E; represents the energy of the lepton.

The production of lepton pairs arises mainly from the anni-
hilation of valence quarks with sea antiquarks. At the LHC,
the quark and antiquark directions are not known for each
collision because both beams consist of protons. In gen-
eral, however, the quark carries more momentum than the
antiquark as the antiquark must originate from the parton
sea. Therefore, on average, the dilepton system is boosted in
the direction of the valence quark [2,14,15]. In this paper,
the positive axis is defined to be along the boost direc-
tion using the following transformation on an event-by-event
basis:

* —_
cos g =

3
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where Q; is the longitudinal momentum of the dilepton sys-
tem. The fraction of events for which the quark direction is
the same as the direction of the boost depends on M and
increases with the absolute value of the dilepton rapidity
y=3I[(E+ Q.)/(E — Q)]

Arp was previously measured by the CMS [16] and
ATLAS [8] experiments using data samples collected at
/s = 7TeV. The techniques used in this analysis are similar
to those used in the previous CMS measurement at 7 TeV,
and the rapidity range of this measurement is extended to
|y] = 5 by including electrons in the forward calorimeter.
Since large Z boson rapidities are better correlated with the
direction of the valence quark, App is measured as a function
of the invariant mass and the rapidity of Z boson. The num-
ber of selected events at 8 TeV is about a factor of 5 larger
than the number of events at 7 TeV. The larger data sample
collected at 8 TeV extends the measurement of Agg in the
high-mass region where the number of events in the 7 TeV
samples was limited.

2 The CMS detector

The central feature of the CMS detector is a superconducting
solenoid with a 6 m internal diameter that provides a magnetic
field of 3.8 T. Inside the solenoid are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass and scintillator hadron calorimeter, each
composed of a barrel and two endcap sections. Extensive
forward calorimetry complements the coverage provided by
the barrel and endcap calorimeters. Outside the solenoid, gas-
ionization detectors embedded in the steel flux-return yoke
are used to measure muons.

Muons are measured in the pseudorapidity [17] range
[n| < 2.4 using the silicon tracker and muon systems. The
muon detectors are constructed using three different tech-
nologies: drift tubes for || < 1.2, cathode strip cham-
bers for 0.9 < |n| < 2.4, and resistive plate chambers for
[n] < 1.6. Matching muons to tracks measured in the silicon
tracker results in a relative pt resolution of 1.3-2.0 % in the
barrel, and better than 6 % in the endcaps for muons with
20 < pr < 100GeV [18].

Electrons are measured in the range |n| < 2.5 using both
the tracking system and the ECAL. The energy resolution for
electrons produced in Z boson decays varies from 1.7 % in
the barrel (|| < 1.48) to 4.5 % in the endcap region (|n| >
1.48) [19].

The n coverage of the CMS detector is extended up to
[n] = 5 by the hadron forward (HF) calorimeters [20]. The
HF is constructed from steel absorbers as shower initiators
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and quartz fibers as active material. Half of the fibers extend
over the full depth of the detector (long fibers) while the
other half does not cover the first 22 cm measured from the
front face (short fibers). As the two sets of fibers are read
out separately, electromagnetic showers can be distinguished
from hadronic showers. Electrons in the HF are measured
in the range 3 < |n| < 5. The energy resolution for HF
electrons is ~32 % at 50 GeV and the angular resolution is
up to 0.05 in n and ¢.

The CMS experiment uses a two-level trigger system.
The level-1 trigger, composed of custom-designed process-
ing hardware, selects events of interest based on information
from the muon detectors and calorimeters [21]. The high-
level trigger is software based, running a faster version of
the offline reconstruction code on the full detector informa-
tion, including the tracker [22]. A more detailed description
of the CMS detector, together with a definition of the coor-
dinate system used and the relevant kinematic variables, can
be found in Ref. [17].

3 Data and Monte Carlo samples

The analysis is performed using the pp collision data col-
lected with the CMS detector in 2012 at a center-of-mass
energy of 8 TeV. The total integrated luminosity for the entire
data set amounts to 19.7 fb~!.

The simulated Z/y* — pup and Z/y* — ee signal
samples are generated at next-to-leading order (NLO) based
in perturbative QCD using POWHEG [23-26] with the NLO
CT10 parton distribution functions (PDFs) [27]. The parton
showering and hadronization are simulated using the PYTHIA
v6.426 [28] generator with the Z2* tune [29].

The background processes, Z/y* — tt, tt, tW~ and
tWT, are generated with POWHEG, and the inclusive W pro-
duction with MADGRAPH [30]. The backgrounds from WW,
WZ, and ZZ production are generated using PYTHIA v6.426.
The t lepton decays in the background processes are sim-
ulated using TAUOLA [31]. For all processes, the detector
response is simulated using a detailed description of the CMS
detector based on the GEANT4 package [32,33]. GFLASH [34]
is used for the HF [35], and the event reconstruction is per-
formed with the same algorithms used for the data. The data
contain multiple proton-proton interactions per bunch cross-
ing (pileup) with an average value of 21. A pileup reweighting
procedure is applied to the Monte Carlo (MC) simulation so
the pileup distribution matches the data.

4 Event selection

The inclusive dimuon events are selected by a trigger that
requires two muons, the leading one with pt > 17GeV
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and the second one with ptr > 8 GeV. Muons are selected
offline by the standard CMS muon identification [18], which
requires at least one muon chamber hit in the global muon
track fit, muon segments in at least two muon stations, at least
one hit in the pixel detector, more than five inner tracker
layers with hits, and a x2/dof less than 10 for the global
muon fit. The vertex with the highest pt sum for associ-
ated tracks is defined as the primary vertex. The distance
between the muon candidate trajectories and the primary
vertex is required to be smaller than 2mm in the transverse
plane and smaller than Smm in the longitudinal direction.
This requirement significantly reduces the background from
cosmic ray muons. To remove muons produced during jet
fragmentation, the fractional track isolation, ) pfrrk / p¥ , 1s
required to be smaller than 0.1, where the sum runs over all
tracks originating from the primary vertex within a cone of
AR = /(An)? + (A¢)? < 0.3 around each of the identi-
fied muons. Furthermore, each selected muon is required to
have pr > 20GeV and |n| < 2.4.

The inclusive dielectron events include electrons that are
produced in an extended lepton pseudorapidity range, |n| <
5. The events with dilepton rapidity |y|< 2.4 are selected by
triggers requiring either two central electrons, |n| < 2.4, with
pt > 17 and > 8 GeV. In the analysis, the central electron
candidates are required to have pt > 20 GeV, have opposite
charges, and to pass tight electron identification and isolation
requirements [19]. The particle-flow (PF) event reconstruc-
tion [36,37] consists of reconstructing and identifying each
single particle with an optimized combination of all subde-
tector information. In this process, the identification of the
particle type (photon, electron, muon, charged hadron, or
neutral hadron) plays an important role in the determination
of the particle direction and energy. The fractional PF iso-
lation, > p?F /PY» is required to be smaller than 0.1. The
isolation variable is calculated from the energy sum over all
PF candidates within a cone of size 0.3 around each of the
identified electrons. This sample is used to perform the anal-
ysis for the dilepton rapidity, |y| < 2.4.

For the events with dilepton rapidity 2.4 < |y| < 5, one
central (|n] < 2.4) and one forward electron (3 < |n| < 5)
are used requiring one isolated central electron trigger with
pt > 27GeV. In this case, the central (forward) electron
candidate is required to have pt > 30 (20) GeV, as well as
to pass stringent electron identification and isolation require-
ments (forward electron identification criteria). Since the
2.4 < |n| < 3 region is outside the tracker acceptance, the
particle flow variables cannot be defined in this region, and
are therefore not considered in the analysis.

Forward electron identification requires an isolated energy
deposition in the core of the electron cluster [35]. To reduce
the contribution from jet background in the forward region,
both electrons are required to be on the same side of the
detector (e, ne, > 0) and almost back-to-back in azimuth

(|A¢(er, e2)| > 2m/3). Because the forward electrons do not
have charge information, no oppositely-charged requirement
is applied.

After the event selection, about 8 million pp and 4.3 mil-
lion ee events remain with |y| < 2.4, and 0.5 million ee
events with 2.4 < |y| < 5.

5 Simulation corrections

Scale factors are derived and applied to the simulated MC
events to account for differences of detector performance
between data and the MC simulation. The efficiencies for the
trigger, lepton identification, and lepton isolation are mea-
sured using a “tag-and-probe” method [18,38] for both data
and simulation. For the muon channel, the trigger efficiency
is measured as a function of 7 only because the pt depen-
dence is small for pt > 20 GeV, while in the electron chan-
nel the efficiency is measured as a function of ET and 7.
Similarly, the identification and isolation efficiencies for the
muons and central electrons are measured in data and sim-
ulation as a function of pt and 7. The difference in trigger
efficiency between data and simulation is 1 to 4 % for the
muon channel, depending on the 7 region, and less than 1 %
for the electron channel. The differences in the muon identifi-
cation and isolation efficiencies are less than 1 %. For central
electrons the absolute difference is at the 5% level in the
barrel and increases to 12 % in the endcaps.

For forward electrons, the identification efficiency is mea-
sured as a function of E1 and n. We observe a 9 to 18 %
difference in the identification efficiency between data and
MC simulation. The simulation is scaled using these factors
to reproduce the data. Forward electrons require additional
corrections in GFLASH simulation in order to match the n
distribution of the data. Furthermore, a global normaliza-
tion factor of 0.6 £ 0.3 is applied to account for the data/
simulation difference in the event yields in HE. Its effect is
negligible in the Apg (M) measurement.

The muon momentum and electron energy scales are
affected by detector misalignment and imperfect calibration,
which cause a degradation in the energy measurements and
the measurement of Apg. Such effects are accounted for
by additional momentum and energy corrections, which are
applied to muons and electrons in both data and simulation.
It has been shown [18] that the primary cause of the bias in
the reconstructed muon momentum is the misalignment of
the tracking system. To remove this bias, a muon momentum
correction extracted as a function of the muon charge, 6, and
¢ [39] is applied for both data and MC events. The overall
muon momentum corrections for muons with pt > 20 GeV
are measured with a precision of better than 0.04 %.

For central electrons, an ECAL energy scale correc-
tion is applied. The overall energy scale for electrons with
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7 < pr < 70GeV is measured with a precision better than
0.3 % [19]. To match the electron energy resolutions in data,
additional smearing is applied to the energy of central elec-
trons in the MC simulation. For forward electrons, the pre-
dicted energy of the forward electron is calculated using Z
boson mass, the energy of the central electron, and the angu-
lar positions (1 and ¢) of central and forward electrons. The
residual energy correction for forward electrons as a func-
tion of ET is determined from the average of the difference
between the reconstructed energy and the predicted energy.
The corrections are applied in data and simulation as a func-
tion of the electron ET and range between —18 and +12 %.
The energy resolution of the forward electron in the MC sim-
ulation is also tuned to match the data.

6 Backgrounds

The main sources of background at low dilepton mass are
Z/y* — 1t events and QCD dijet events. At high mass,
the main background comes from tt events. The diboson
(WW, WZ, ZZ) and inclusive W background contributions
are small. The background contributions are estimated ver-
sus M and |y| for forward and backward events separately.
Different techniques are used for estimating background con-
tributions in the muon and electron channels.

The dijet background for both muon and electron chan-
nels is estimated with data using control samples. The muon
channel uses same-sign dimuon events, which mostly orig-
inate from dijets. The number of same-sign events after
the final event selection is used to estimate the number of
opposite-sign dimuons that originate from dijets. The contri-
bution from the diboson process is subtracted in the same-
sign events using MC simulation.

For the electron channel, a fitting method is used to esti-
mate the dijet background. The kinematic distributions of the
eeeventsin M and |y| are fitted with a sum of signal and back-
ground templates to determine the dijet component. A signal
template is extracted from the Z/y* — ee MC sample. A
background template is obtained by applying a reverse iso-
lation requirement on the central electron in data. The signal
and non-QCD background contributions, which are small,
are subtracted from this nonisolated electron sample using
simulation.

In the muon channel, events selected with an e lepton pair
are used to determine the backgrounds from Z/y* — trt,
tt, W+jets, tW, and tW processes. The overall rate for pu
background events from these sources is proportional to the
number of observed eu events. Here the MC simulation is
used only to calculate the ratio of pu events to en events.
The background rate extracted with this method is in agree-
ment with MC simulations. Therefore, in the electron anal-
ysis these backgrounds are modelled using MC simulations.

@ Springer
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Fig. 1 Theinvariant mass distributions for i (top), ee (middle) events
with |y| < 2.4, and ee (bottom) events with 2.4 < |y| < 5. Only
statistical uncertainties are shown. The stacked histograms represent
the sum of the background contributions and the signal

The cross sections are normalized to next-to-next-to-leading-
order FEWZ predictions [40]. Also, the diboson backgrounds
are estimated using MC simulation for both the muon and
electron channels.
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Fig. 2 The cos6fg distributions for pp (ee) events are presented
in the top (bottom) panels. Only statistical uncertainties are shown.
The stacked histograms represent the sum of the background con-

The invariant mass distributions for uu and ee events in
two |y| ranges are shown in Fig. 1, which also includes the
MC predictions for both the signal and estimated background
contributions. The MC predictions are normalized using the
cross section for each process and the integrated luminosity.

7 Measurement of Agp

The events are assigned to “forward” or “backward” regions
as described in Sect. 1. App is measured using the selected
dilepton events as a function of dilepton mass in five regions
of absolute rapidity: 0-1, 1-1.25, 1.25-1.5,1.5-2.4, and 2.4—
5. The most forward region has 7 mass bins, from 40 to
320 GeV, while the others have 14 mass bins, which extend
up to 2TeV. The shape of the cos 67 distribution changes
with the dilepton mass. The top panels of Fig. 2 show the
reconstructed cos O distributions for uu events, with |y| <
2.4. The bottom panels show the reconstructed cos (g for
ee events, with |y| < 2.4. The distributions are shown for
two representative mass bins. The distributions for dilepton
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tribution and the signal. The plots on the left (right) panels corre-
spond to events with dilepton invariant mass 50 < M < 60GeV
(133 < M < 150GeV)

events at low mass (50 < M < 60 GeV) are shown in the left
panels, and at high mass (133 < M < 150 GeV) in the right
panels. The MC predictions are normalized to the integrated
luminosity of the data.

The measured Agg value is corrected for detector resolu-
tion, acceptance, efficiency, and the effect of final-state QED
radiation (FSR) using a two-dimensional iterative unfolding
method based on Bayes’ theorem [41,42]. The Apg quantity
is unfolded to account for event migration between mass bins
and between positive and negative cos 6q region. Since the
ambiguity of the quark direction is more significant at low
|y, the dilution of App is larger in the low |y| region.

8 Systematic uncertainties

The largest experimental uncertainties originate from the
background estimation, the electron energy correction, the
muon momentum correction, and the unfolding procedure.
The dominant contribution to the background uncertainty is
the statistical uncertainty in the background data control sam-

@ Springer
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Table 1 The maximum value of

the systematic uncertainty in Systematic uncertainty |yI bins

Afpg as a function of M from 0-1 1-1.25 1.25-1.5 1.5-2.4

each source for different regions

of |y| Muon channel
Background 0.062 0.080 0.209 0.051
Momentum correction 0.006 0.015 0.020 0.022
Unfolding 0.001 0.003 0.004 0.003
Pileup reweighting 0.002 0.004 0.003 0.004
Efficiency scale factors <0.001 0.002 0.003 0.005
PDFs 0.001 0.004 0.008 0.047
FSR <0.001 0.001 0.001 0.002

Systematic uncertainty |y| bins
0-1 1-1.25 1.25-1.5 1.5-24 2.4-5
Electron channel

Background 0.064 0.015 0.008 0.004 0.033
Energy correction 0.011 0.015 0.012 0.012 0.123
Unfolding 0.005 0.007 0.006 0.004 0.001
Pileup reweighting 0.003 0.002 0.002 0.001 0.007
Efficiency scale factors <0.001 <0.001 <0.001 <0.001 0.008
Forward 7 scale factor - - - - 0.002
Forward n asymmetry - - - - 0.029
Global normalization factor - - - - 0.060
PDFs 0.002 0.004 0.005 0.008 0.014
FSR <0.001 0.001 0.001 0.001 0.002

ple. The theoretical uncertainty of the cross section in the
MC background samples also contributes to the systematic
uncertainty in the estimation of the background.

After energy corrections to central electrons are applied,
we find that there is a 0.4 % offset in the position of the Z peak
between data and simulation in the barrel and a 0.5 % offset
in the endcaps. This difference is assigned as the systematic
uncertainty in the central electron energy calibration.

In order to estimate the uncertainty in the energy cali-
bration of forward electrons, the parametrized function of
the correction factor is scaled up and down by its statistical
uncertainty. The difference in Arg before and after changing
the correction factor is assigned as a systematic uncertainty.

The systematic uncertainty in the muon momentum cor-
rection is estimated with a similar approach. The muon
momentum correction is scaled up and down by its statis-
tical uncertainty and the difference in Apg resulting from
the change of the muon momentum correction is assigned as
systematic uncertainty. We find that the contributions of the
uncertainties in the efficiency scale factors (trigger, identifi-
cation, and isolation) and in the pileup reweighting factors to
the uncertainty in Apg are small.

@ Springer

For forward HF electrons, the uncertainties in the electron
n correction and in the global normalization factor contribute
to the systematic uncertainty in Apg. In addition, the energy
calibration varies approximately 5 % between +n and —n.
To account for this asymmetric effect in the energy calibra-
tion, the App distribution is measured using one forward
electron in +n or —n, separately, along with one central
electron and half of the difference in App is assigned as
a systematic uncertainty. The systematic uncertainty varies
from 0.005 to 0.03 as a function of dielectron invariant
mass.

The systematic uncertainty in the unfolding procedure
is estimated using a closure test in simulation. Any resid-
ual shown in the closure test of the unfolding procedure is
assigned as the systematic uncertainty.

The theoretical uncertainties which affect the detec-
tor acceptance originate from the uncertainties in PDFs
(CT10 [27,43] and NNPDF 2.0 [44]) and from uncertain-
ties in the FSR modeling [45].

The systematic uncertainty in Apg depends on the mass
of the dilepton pair. Table 1 gives the maximum value of this
uncertainty from each source, for different regions of |y]|.
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electrons (solid circles) for the four central rapidity regions. The sta-
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bar) uncertainties are presented. The solid circles are shifted slightly

9 Results

A comparison of the unfolded, background-subtracted
Apg(M) distributions for uu and ee events in the four cen-
tral rapidity regions is shown in Fig. 3. The statistical and
systematic uncertainties are added in quadrature. The mea-
sured Apg (M) distributions agree for ;e and ee events in all
rapidity regions.

The unfolded Apg(M) measurements for puu and ee
events, within |y| < 2.4, are combined under the assumption
that the uncertainties in the muon and electron channels are
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to compare the result better. The lower panel in each plot shows the
difference of the unfolded Apg in muons and electrons divided by the
total uncertainty (stat. @ syst.)

uncorrelated. Any effect of the correlation between the pp
and ee systematic uncertainties in the pileup correction, FSR
modeling, and the normalization of MC simulations in the
background estimation is found to have a negligible effect
on the combination.

Figure 4 shows the combined results for the four central
rapidity regions up to 2.4. The combined result is compared
with the POWHEG (NLO) prediction with CT10 PDFs. The
effective weak mixing angle, sin? Gleef;t =0.2312, is used for
the POWHEG prediction. For all rapidity regions, the com-
bined Apg(M) values are in a good agreement with the
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Fig. 4 The combined (u"p~ and ete™ ) unfolded Apg distribu-
tions in the four central rapidity regions. The statistical (thick verti-
cal bar) and statistical plus systematics (thin vertical bar) uncertain-
ties are presented. The measurements are compared with the prediction

POWHEG prediction. The uncertainty in the theoretical pre-
diction (POWHEG) originates from the statistical uncertainty
in the MC sample, the uncertainties in the PDFs, and the
variations of factorization and renormalization scales (simul-
taneous variation between values 2M, M, and M /2, with
M corresponding to the middle of the invariant mass bin).
Table 2 summarizes the combined App quantity for each
rapidity region.

The unfolded App distribution for the forward rapidity
region (2.4 < |y| < 5) is shown in Fig. 5. The forward
rapidity region extends the scope of the measurement beyond
that of the previous CMS result at /s = 7 TeV. Because App

@ Springer
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of POWHEG. The total uncertainties (considering the statistical, PDF,
and scale uncertainties) in the POWHEG prediction are shown as shaded
bands. The lower panel in each plot shows the difference of Agp in data
and prediction divided by the total uncertainty of data and prediction

in the forward rapidity region is diluted less, the measured
Arpp quantity is closer to the parton-level asymmetry after
the unfolding process, than it is in the central rapidity bins.
The unfolded Apg (Me+.-) for 2.4 < |y| < 5 agrees with
the POWHEG predictions.

10 Summary

We report a measurement of the forward—backward asym-
metry of oppositely charged pup and ee pairs produced via
a Z/y* boson exchange at /s = 8 TeV with a data sample
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Table 2 The combined (ee and ) Apg measurements, with statistical and systematic uncertainties for the four rapidity regions with |y| < 2.4.

The Arp quantity for ee events is also shown for 2.4 < |y| < 5

M (GeV) Arp (data) Stat. err Syst. err Tot. err M (GeV) Arp (data) Stat. err Syst. err Tot. err
[yl <1 1 <]yl <125

40-50 —0.0167 0.0049 0.0045 0.0067 40-50 —0.0225 0.0108 0.0092 0.0142
50-60 —0.0355 0.0042 0.0031 0.0052 50-60 —0.0825 0.0092 0.0060 0.0110
60-76 —0.0415 0.0033 0.0031 0.0045 60-76 —0.0999 0.0071 0.0044 0.0084
76-86 —0.0221 0.0022 0.0019 0.0029 76-86 —0.0468 0.0048 0.0042 0.0064
86-96 0.0065 0.0004 0.0003 0.0005 86-96 0.0157 0.0009 0.0005 0.0011
96-106 0.0320 0.0020 0.0016 0.0025 96-106 0.0747 0.0046 0.0042 0.0063
106-120 0.0524 0.0037 0.0024 0.0045 106-120 0.1448 0.0085 0.0029 0.0089
120-133 0.0652 0.0065 0.0035 0.0074 120-133 0.1663 0.0152 0.0083 0.0174
133-150 0.0905 0.0081 0.0070 0.0108 133-150 0.2191 0.0185 0.0064 0.0195
150-171 0.1020 0.0104 0.0075 0.0128 150-171 0.2469 0.0243 0.0123 0.0272
171-200 0.1251 0.0129 0.0145 0.0194 171-200 0.2401 0.0272 0.0143 0.0308
200-320 0.1423 0.0112 0.0099 0.0149 200-320 0.3245 0.0257 0.0115 0.0282
320-500 0.1541 0.0268 0.0195 0.0331 320-500 0.4697 0.0609 0.0302 0.0680
500-2000 0.3437 0.0554 0.0514 0.0756 500-2000 0.4954 0.1145 0.0400 0.1213
125 <yl <15 1.5<|yl<24

40-50 —0.0261 0.0114 0.0087 0.0144 40-50 —0.0747 0.0073 0.0049 0.0088
50-60 —0.1122 0.0098 0.0078 0.0125 50-60 —0.1645 0.0070 0.0053 0.0088
60-76 —0.1293 0.0077 0.0039 0.0086 60-76 —0.2365 0.0059 0.0052 0.0079
76-86 —0.0700 0.0052 0.0040 0.0065 76-86 —0.1071 0.0041 0.0057 0.0070
86-96 0.0249 0.0010 0.0007 0.0013 86-96 0.0379 0.0008 0.0009 0.0013
96-106 0.1012 0.0051 0.0044 0.0067 96-106 0.1546 0.0041 0.0057 0.0070
106-120 0.1655 0.0095 0.0045 0.0105 106-120 0.2647 0.0078 0.0047 0.0091
120-133 0.2485 0.0169 0.0080 0.0187 120-133 0.3630 0.0141 0.0068 0.0156
133-150 0.2576 0.0210 0.0197 0.0287 133-150 0.4334 0.0179 0.0129 0.0221
150-171 0.2903 0.0259 0.0103 0.0279 150-171 0.4713 0.0230 0.0083 0.0245
171-200 0.3209 0.0315 0.0112 0.0335 171-200 0.4906 0.0276 0.0095 0.0292
200-320 0.3752 0.0286 0.0114 0.0308 200-320 0.5042 0.0244 0.0092 0.0261
320-500 0.4372 0.0655 0.0287 0.0715 320-500 0.5248 0.0610 0.0131 0.0624
500-2000 0.4071 0.1556 0.0824 0.1761 500-2000 0.6878 0.1862 0.0413 0.1907
2.4 < |y| < 5 (ee only)

40-76 —0.3104 0.0912 0.1378 0.1652

76-86 —0.2174 0.0214 0.0210 0.0300

86-96 0.0635 0.0060 0.0146 0.0158

96-106 0.2834 0.0183 0.0439 0.0475

106-120 0.4412 0.0567 0.0696 0.0898

120-150 0.5972 0.0851 0.0476 0.0975

150-320 0.8412 0.1567 0.0851 0.1783

corresponding to an integrated luminosity of 19.7 fb~!. The
Arpp measurement is performed as a function of the dilep-
ton invariant mass between 40 GeV and 2 TeV for uu and
ee events in 4 dilepton rapidity bins up to |y| = 2.4. For ee
events with 2.4 < |y| < 5, the Apg measurement is per-
formed for dielectron masses between 40 and 320 GeV. The

large data sample collected at 8§ TeV extends the measure-
ment of App in the high mass region compared to previous
results. The final Agg values are corrected for detector reso-
lution, acceptance, and final state radiation effects. The mea-
surements of Agpg(M) are consistent with standard model
predictions.
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Fig. 5 The unfolded Apgp distribution for the forward rapidity region
(2.4 < |y| < 5) using one central electron (|| < 2.4) and one HF elec-
tron (3 < |n| < 5). The inner thick vertical bars correspond to the statis-
tical uncertainty and the outer thin vertical bars to the total uncertainties.
The measurements are compared with the prediction of POWHEG. The
total uncertainties (considering the statistical, PDF, and scale uncertain-
ties) in the POWHEG prediction are shown as shaded bands. The lower
panel shows the difference of App in data and prediction divided by the
total uncertainty of data and prediction
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