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1. Introduction

The W/Z bosons are produced with large rates at the Large Hadron Collider (LHC), and a
precise measurement of the W/Z boson production and decay properties in pp collisions allows for
direct tests of the standard model (SM) predictions. Theoretical predictions are available at the
next-to-next-to-leading-order (NNLO) in QCD perturbation theory [1], and the theoretical uncer-
tainty due to parton distribution functions (PDF) dominates for many experimental observables.
Therefore, a precise measurement of the W/Z production can provide new insights into the pro-
ton structure functions. The angular quantities in the Drell-Yan process can be used to study the
polarization of the Z boson and its coupling structure to fermions.

The measurements presented in this proceeding include the Z boson double differential cross
section as a function of Z boson transverse momentum (qT ) and rapidity (y), the angular coefficients
of Z decay, final state radiation (FSR) in decays of the Z boson, Drell-Yan forward-backward
asymmetry and finally the muon charge asymmetry in W decays. All these measurements have
used the full pp collision data sample collected by the CMS experiment [2] at the center-of-mass
energy of 8 TeV, except that the measurement of the photon FSR uses the pp collision data at the
center-of-mass energy of 7 TeV.

2. Z boson double differential cross section at 8 TeV

Differential measurements of Z boson production at the CMS have already been performed[3,
4, 5]. In this section we present the fiducial Drell-Yan(DY) cross section, measured double dif-
ferentially in terms of qT and y, in the muon final state from Z boson decays, using a dataset
corresponding to an integrated luminosity of 19.7 fb−1, collected by the CMS experiment at 8 TeV
proton-proton collisions [6]. With a large sample of Z bosons, in this measurement the high trans-
verse momentum region, qT ∼ 100 GeV, of the spectrum is probed with high precision where the
qg→Zq sub-process dominates.

We require two well identified and isolated muons of opposite sign in the final state. The
leading(and sub-leading) muon satisfies pT > 25(10) GeV and |η(µ)|< 2.1(2.4). The di-muon
invariant mass satisfies 81 GeV<M(µµ)< 101 GeV. Scale factors have been applied to account for
the efficiencies due to tracking, the trigger, the muon isolation and identification. The di-muon
final state from Z boson decay is relatively clean, with backgrounds at the level of ∼1 %. The
backgrounds from tt̄, DY→ ττ , WW, W+Jets, tW and t̄W are estimated in a data-driven way using
an independent control sample which has an opposite sign electron-muon pair in the final state.
The WZ and ZZ backgrounds are estimated from simulation. The background corrected double
differential inclusive Z spectrum is unfolded to the kinematic region as described above for the
event selection criteria in 10 bins of qT (GeV): [0,20,40,60,80,100,120,140,170,200,1000] and 5
bins of |y| from 0 to 2.0 with equal bin width.

In Fig. 1 the absolute differential cross section has been compared to the NNLO computation
from the FEWZ calculation interfaced with the NNPDF2.3 PDFset [7]. The theoretical uncertain-
ties include those due to PDF and QCD scale variations. As can be seen from the figure the level
of agreement of this measurement with FEWZ in the qT > 20 GeV region is about 10%, within the
experimental and theoretical uncertainties.
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In the left plot of Fig. 2 the normalized differential cross section integrated over the |y| bins
is presented and compared with the prediction from FEWZ. The level of agreement between the
measurement and the prediction for the range qT > 20 GeV is between 6%-12%, within the exper-
imental and theoretical uncertainties. In the right plot of Fig. 2 the normalized differential cross
section integrated over the |y| bins is compared to the predictions from the MADGRAPH [8] and
POWHEG [9, 10, 11, 12]. The MADGRAPH generator overestimates the data in the highest qT

bins, whereas the POWHEG generator underestimates the data up to 20% in this region.

Figure 1: Absolute cross section of inclusive Z boson production in two bins of |y|. The theoretical predic-
tion is from the FEWZ calculation interfaced with the NNPDF2.3 PDF set.

3. Angular coefficients of Z decay at 8 TeV

The general structure of the lepton angular distribution in the rest frame of the Z boson can be
expressed as:
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∗)+A0
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∗] (3.1)

In the above equation θ ∗ and φ ∗ are the polar and azimuthal angles respectively of the nega-
tively charged lepton in the Collins-Soper frame [13]. The coefficients A0, A1, and A2 are related
to the polarization of the Z boson, whereas A3 and A4 are sensitive to the V-A structure of the
couplings of the muons. The only previous measurement of four of the angular coefficients was
performed by the CDF Collaboration [14]. In this section we present a measurement of the angular
coefficients of the Z boson decaying to a di-muon pair in pp collisions at 8 TeV with an integrated
luminosity of 19.7 fb−1 [15].

The event selection criteria, the correction factors applied and the background estimation tech-
nique are the same as that for the measurement in Section 2. The coefficients A0- A4 are extracted
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Figure 2: (Left) Cross section of inclusive Z boson production normalized to the total inclusive cross section.
The theoretical prediction is from the FEWZ calculation interfaced with the NNPDF2.3 PDF set.
(Right) Normalized Z-boson cross section, compared to predictions of simulation from MADGRAPH (red
symbols) and POWHEG (blue symbols). MADGRAPH uses the CTEQ6L1 PDF set [16] and POWHEG
the CT10(NLO) PDF set [17].

by fitting the cosθ ∗ and φ ∗ distributions from data, using simulated signal and background tem-
plates. A binned maximum likelihood method with Poissonian uncertainties is used for the fits. The
measurements are carried out in 8 bins of qT (GeV): [0,10,20,35,55,80,120,200,1000] and 2 bins of
|y|: [0,1.0,2.1]. The results obtained from these fits are compared to the predictions from MAD-
GRAPH, POWHEG and FEWZ for one of the rapidity bins in Fig. 3. The PDF sets used in these
predictions are CTEQ6L, CT10(NLO) and CT10(NNLO), respectively. The MADGRAPH predic-
tions for A4 are systematically higher than those from POWHEG and FEWZ as MADGRAPH uses
a weak mixing angle calculated without taking into account the radiative corrections. The measured
A0 and A2 coefficients show a better agreement with the prediction from MADGRAPH than with
those of POWHEG and FEWZ, especially at high qT . A violation of the Lam-Tung relation(A0=
A2) is observed, which is anticipated by QCD calculations beyond the leading order. These results
will play an important role in future high-precision measurements, such as the measurement of the
mass of the W boson and of the electroweak mixing angle.

4. Final state radiation in decays of Z boson at 7 TeV

In this measurement the differential cross section for photon production in Z→µ+µ−γ decays
is carried out using data from pp collisions at 7 TeV collected by the CMS detector corresponding
to an integrated luminosity of 4.7 fb−1 [18]. Such radiative decays of the Z boson were noted in the
very first Z boson publications of UA1 and UA2 [19, 20]. The differential cross sections dσ

dET
, where

ET is the transverse energy of the photon, and dσ

d∆Rµγ
, ∆Rµγ =

√
(ηµ −ηγ)2 +(φµ −φγ)2 with φ the

azimuthal angle (in radians) around the beam axis and η the rapidity, are presented. The goal of
this analysis is to establish the quality of the modeling of FSR photons emitted in Z boson decays
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Figure 3: Comparison of the 5 angular coefficients Ai and A0- A2 for |y|< 1. The circles show the measured
results. The vertical bars represent the statistical uncertainties and the boxes the systematic uncertainties of
the measurement. The triangles show the predictions from MADGRAPH, the diamonds from POWHEG,
and the crosses from FEWZ at NNLO. The boxes at the FEWZ values indicate the PDF uncertainties.

over a wide kinematic and angular range. This result can support future measurements of the W
mass, the study of Z + γ production, and searches for new particles in final states with photons.
This is the first such measurement performed at the LHC experiments.

The selected events must have two well identified and isolated muons in the final state. The
leading(sub-leading) muon satisfies pT > 31(9) GeV and |η(µ)|< 2.4(2.4). The di-muon invariant
mass satisfies 30 GeV<M(µµ)< 87 GeV. Backgrounds to this measurement come mainly from
“non-prompt” photons which may be genuine photons produced in the decays of light mesons
(such as π0 and η) and photons from pileup. This is estimated from DY events suitably accounting
for the differences in data and simulation. Other background processes that contribute to a much
lesser extent are tt̄, DY→ ττ and di-boson production. These are estimated from simulation. The
contribution from W+jets and QCD multi-jet production has been estimated using events with same
sign muons. The background subtracted distribution for ET and ∆Rµγ are unfolded to the kinematic
and fiducial region as required by the event selection criteria described earlier.

Fig. 4 shows the measured differential cross sections dσ

dET
and dσ

d∆Rµγ
compared with the theoret-

ical prediction from POWHEG and PYTHIA 6, where PYTHIA is used to simulate parton showers
and final-state photons. The CT10 PDF set is used for this prediction. The theoretical uncertainties
include those due to PDF and QCD scale variations. The agreement with data is is better than 5%.

5. Drell-Yan forward-backward asymmetry at 8 TeV

The presence of the vector and axial-vector couplings of the electroweak bosons to fermions
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Figure 4: Measured differential cross sections dσ /dET (left) and dσ /d∆Rµγ (right). In the upper panels, the
dots with error bars represent the data, and the shaded bands represent the POWHEG+PYTHIA calculation
including theoretical uncertainties. The lower panels show the standard deviations of the measurements with
respect to the calculation.

in the standard-model (SM) process qq̄→ Z/γ∗ →l+l− results in a forward-backward asymmetry
in the number of Drell–Yan lepton pairs. For a given dilepton mass, the differential cross section at
the parton level at leading order (LO) can be expressed as:

dσ

dcosθ
= A(1+ cos2

θ)+Bcosθ (5.1)

where θ represents the emission angle of the negatively-charged lepton relative to the quark mo-
mentum in the center-of-mass frame of the dilepton system, while A and B are parameters that
depend on the weak isospin and the charge of the incoming fermions. The forward and backward
asymmetry parameter, AFB, is then defined as:

AFB =
σF −σB

σF +σB
(5.2)

where σF (σB) are the total cross section for the forward (backward) events, defined by cosθ > 0
(< 0). The AFB parameter depends on the dilepton mass, quark flavor and the electroweak mixing
angle θW . Near the Z peak the AFB parameter is close to zero because of the small value of the lep-
ton vector coupling. To reduce the uncertainties due to the transverse momentum of the incoming
quarks, the measurement is carried out in the Collins–Soper frame. The AFB parameter was previ-
ously measured at CMS using a data sample collected in 7 TeV pp collisions [21]. In this section
we present a measurement of the forward-backward asymmetry AFB of oppositely charged lepton
pairs produced via an intermediate Z/γ∗. The dataset used corresponds to an integrated luminosity
of 19.7 fb−1 in pp collisions at 8 TeV collected with the CMS detector. The measurement is carried
out both in the dimuon and dielectron final states [22].

The kinematic criteria required in this measurement is pT >20 GeV and |η |< 2.4 for both the
muons in the dimuon final state. There are two categories of electrons considered in this measure-
ment. For one case both electrons satisfy pT >20 GeV and |η |< 2.4. In order to pick up events
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in the more forward region a second set of event selection criteria is used only in the dielectron
final state that requires the leading electron to satisfy pT >30 GeV and |η |< 2.4 and the sub-leading
electron must have pT >20 GeV and 3.0<|η |< 5.0. The backgrounds to this channel are at the 1%
level and are estimated using both simulation as well as data-driven techniques. The measurement
is carried out as a function of the di-lepton invariant mass in 5 absolute rapidity bins from 0-5.
The distributions are corrected for the effects of detector resolution using an unfolding technique.
Results in the two channels for the dilepton rapidity range, |y|< 2.4 are combined assuming the
systematics are uncorrelated between the electron and muon channels. Fig. 5 shows the results
of the measurement. The distribution in the range 2.4<|y|<5.0 is from the electron channel only
whereas the rest are from a combination of the two channels. The theoretical prediction is from
the POWHEG generator with parton showering and hadronization done using the PYTHIA6 event
generator. The CT10 PDF sets have been used for the prediction with the theoretical uncertainty
due to PDF and QED final state radiation effects considered. The dominant systematic uncertainty
in the measurement is due to that from the backfround estimation. The measured results are in
good agreement with the theoretical prediction.

Figure 5: Combined AFB distributions from the dielectron and dimuon channels for |y| < 2.4, and only from
the dielectron channel for |y| > 2.4. The inner thick vertical bars correspond to the statistical uncertainty and
the outer thin vertical bars show the total uncertainties. The corresponding POWHEG predictions are shown
as the green bands with the total uncertainty (stat. ⊕ PDF).

6. Muon charge asymmetry in W decays at 8 TeV

Due to the presence of two valence u-quarks in the proton there is an overall excess of W+over
W−. The asymmetry is measured as a function of the pseudo-rapidity η of the muon in the CMS
laboratory frame, and is defined as follows:
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A(η) =

dσ

dη
(W+→ µ+ν)− dσ

dη
(W−→ µ−ν)

dσ

dη
(W+→ µ+ν)+ dσ

dη
(W−→ µ−ν)

(6.1)

At LHC the lepton charge asymmetries have been measured by the CMS, ATLAS and LHCb
experiments as can be found in [23, 24, 25]. In this section the measurement of the muon charge
asymmetry in inclusive pp→W±+ X→µ±ν + X events is presented [26]. The dataset used corre-
sponds to an integrated luminosity of 18.8 fb−1 in pp collisions at 8 TeV collected with the CMS
detector.

The events are selected requiring one well identified and isolated muon in the final state. This
muon must satisfy pT >25 GeV and |η |< 2.4. In order to veto events that may arise from DY
production, events with a sub-leading muon having pT > 15 GeV are rejected. The backgrounds
to this measurement arise out of QCD multijets, DY→µ+µ− production and to a lesser extent
from W→τν and DY→ττ events. The measurement is carried out in eleven bins of the |η | of the
muon varying from 0.0 - 2.4. In each |η | bin templates of the missing transverse energy(MET) are
constructed from simulation which are then fitted to the data. The fits are performed simultaneously
to extract the number of W+ and W− events. The total uncertainty of this measurement is ∼
0.2 % - 0.26% dominated by the uncertainty due to the QCD background estimation. In Fig. 6
the measured charge asymmetry has been compared to the prediction from the FEWZ calculation
interfaced with the CT10, NNPDF3.0, HERAPDF1.5 and MMHT2014 PDF sets. The measured
charge asymmetries are well described by all considered PDF models within their corresponding
uncertainties. This measurement has been used to constrain the PDFs of the valence u and d quarks
and a clear improvement in precision has been observed over the entire range of Bjorken x.

Figure 6: Comparison of the measured muon charge asymmetries to NLO predictions calculated using
the FEWZ calculation interfaced with four different PDF sets. The vertical error bars on data points in-
clude both statistical and systematic uncertainties. The PDF uncertainty for each PDF set is shown by the
shaded/hatched band and corresponds to 68% CL.
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7. Summary

In this proceeding we have presented several measurements with W/Z events in pp collisions at√
s of both 7 and 8 TeV. The results are compared with the standard model predictions and in gen-

eral good agreements are achieved. The uncertainties in these measurements are well understood
and are mostly below that of the corresponding theoretical predictions. Hence more precise theo-
retical calculations are needed. The measured W muon charge asymmetry can be used to constrain
PDF uncertainties in future global PDF analyses.
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