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Introduction 2
• Leptonic sin2θeff is a key parameter:  sin2θefflept = (1-mW2/mZ2) x κradlept #
• Precise direct measurement provides consistency tests for theory and probe for new Physics

—> indirect measurement of W mass #
• Current precision dominated by LEP/SLD measurements

(with a known ~3σ tension between two most precise results)

• Here we present MC study of prospects for sin2θefflept  measurement with large
integrated luminosity and extended muon pseudorapidity coverage

26 MeV error on Mw indirect

Uncertainties in hadron-
collider measurements are
dominated by statistical
and PDF errors



AFB 3
• AFB in cosθ* near Z peak 

sensitive to leptonic sin2θeff#
• Mass dependence from Ζ/γ* 

interference 
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1 Introduction1

We report on a measurement of the weak mixing angle using the forward-backward asymme-
try, AFB, in Drell-Yan dilepton (ee and µµ) events at CMS. In leading order dilepton pairs are
produced through the annihilation of a quark and antiquark via the exchange of a Z boson or
a virtual photon: qq̄ ! Z/g⇤ ! l+l�. The definition of AFB is based on the angle q⇤ of the
lepton (l�) in the Collins-Soper [1] frame of the dilepton system:

AFB =
sF � sB

sF + sB
, (1)

where sF and sB are the cross sections in the forward (cos q⇤ > 0) and backward (cos q⇤ < 0)
hemispheres, respectively. In this frame the q⇤ is the angle of the l� direction with respect to
the axis that bisects the angle between the direction of the quark and opposite direction of the
anti-quark. In pp collisions the direction of the quark is assumed to be in the boost direction of
the dilepton pair. Here, cos q⇤ is calculated using laboratory-frame quantities as follows:

cos q⇤ =
2(p+1 p�2 � p�1 p+2 )q

M2(M2 + P2
T)

⇥ Pz

|Pz|
, (2)

where M, PT, and Pz are the mass, transverse momentum, and longitudinal momentum, respec-2

tively, of the dilepton system, and p1(p2) are defined in terms of energy, e1(e2), and longitudinal3

momentum, pz,1(pz,2), of the negatively (positively) charged lepton as p±i = (ei ± pz,i)/
p

2 [1].4

A non-zero AFB in dilepton events arises from the interference of vector and axial-vector cou-
plings of electroweak bosons to fermions. At tree level, the vector vf and axial-vector af cou-
plings of Z bosons to fermions (f) are:

vf = Tf
3 � 2Qf sin2 qW, (3)

af = Tf
3, (4)

where Tf
3 and Qf are the third component of the weak isospin and the charge of the fermion,5

respectively, and sin2 qW is the the on-shell weak mixing angle, which is related to the mass of6

the W boson by the relation sin2 qW = 1 � M2
W/M2

Z. Electroweak radiative corrections affect7

these leading-order relations. An effective weak mixing angle, sin2 qf
eff, is defined based on the8

relation between these couplings: vf/af = 1� 4|Qf| sin2 qf
eff, with sin2 qf

eff = kf sin2 qW, where kf9

is determined by electroweak corrections.10

In this analysis we measure the leptonic effective weak mixing angle (sin2 q
lept
eff ) by fitting the11

mass and rapidity dependence of the observed AFB in dilepton events. The most precise previ-12

ous measurements of sin2 q
lept
eff were performed by the LEP and SLD experiments [2]. There is,13

however, a known ⇠ 3s tension between the two most precise measurements. Measurements14

of sin2 q
lept
eff are also reported by LHC and Tevatron experiments [3–7].15

There is strong dependence of AFB on dilepton mass largely due to the axial-vector interference.
AFB is negative at low dilepton mass and positive at high dilepton mass, crossing AFB = 0
slightly below the Z peak. Using the leading-order expressions for the partonic qq̄ ! l+l�
cross sections for the Z boson and virtual photon exchange and their interference (with respect
the true quark direction in the definition of cos q⇤), Atrue

FB (m) can be evaluated as

Atrue
FB (m) =

6alaq(8vlvq � QqKDm)

16(v2
l + a2

l )(v2
q + a2

q)� 8vlvqQqKDm + Q2
qK2(D2

m � G2
Z/m2

Z)
, (5)
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• Obs. AFB in pp based on boost 

• AFB dependence on PDFs: 
1. fraction of valence u and d in 
     total production 
2. size of (y-dependent) dilution
     effect (qbar/q)



• Generate ~100M POWHEG dimuon events with m>50 GeV#
• 8 TeV, 13 TeV and 14 TeV, with different sin2θefflept and NNPDF weights#
• PYTHIA8 for parton showering, hadronization and QED FSR

• Generator-level study (no efficiency loss or resolution smearing)#
• Lepton acceptance cuts: pT0 (1) >25 (15) GeV#
• |η| < 2.4  (2.8)#
• Uncertainties are scaled from effective to target integrated luminosity#
• Fits are performed to AFB in bins of mass and rapidity:

6(7) bins of |y|:   0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4 (,2.8) 
12 bins of m: 60, 70, 78, 84, 87, 89, 91, 93, 95, 98, 104, 112, 120 

Setup 4

Table 1: Setup for MC study for sin2 q`eff extraction
p

s (TeV) events (million) s (pb) L

equiv

( fb�1) L

target

( fb�1)
8 251.0 1177 213 20

13 99.5 1922 50 100
14 99.8 2072 48 1000
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— 8 TeV   (η<2.4) 
— 13 TeV (η<2.4) 
— 14 TeV (η<2.4) 
— 14 TeV (η<2.8)

- larger dilution for higher sqrt(s) due to less contribution from valence quarks at lower x 
- extending η coverage to 2.8 significantly reduces both stat. and pdf errors (next slide)



- Observed AFB is very sensitive to PDFs (size of dilution, ratio of u and d to total)#
- Large in low and high masses, small near the peak ( + specific dependence on y )#
!
!
!
!
!
!
!
!
!
!
!
!
!
!
- Perform sin2θeff fit for each PDF replica 

(by default we use NNPDF3.0)#
- Weight each replica (i) by  wi(χ2min)

 (GeV)µµM

PDF uncertainties 6

14 8 PDF uncertainties

Table 3: Theory systematic uncertainties in the dimuon (left) and dielectron (right) channels.
Detailed descriptions of each systematics are given in the text. The PYTHIA 8 vs PYTHIA 6
variation in the electron channel is assumed to be the same as in the muon channel.

model variation Muons Electrons
Dilepton pT 0.00003 0.00003
QCD µR/F scale 0.00013 0.00012
Generator QCD order (MiNLO “Z+j” vs NLO “Z”) 0.00013 0.00013
Showering model, UE tune, and FSR (PYTHIA 8 vs 6) 0.00019 0.00019
FSR model (PHOTOS vs PYTHIA) 0.00005 0.00011
Total 0.00027 0.00028

simulation, (3) the pT-dependent A0 as predicted by the MiNLO “Z+jet” POWHEG generator,338

(4) and finally A0 is set to 0. In all these cases the same definition is used for both the data339

and simulation, and the extracted sin2 q
lept
eff is the same within ±0.00002 of the default choice.340

Additionally we weight the cos q⇤ distribution of MiNLO Z+j MC sample to match A0(pT) dis-341

tribution in each bin to the corresponding values of the baseline MC simulation. The change in342

the resulting sin2 q
lept
eff is also negligible (0.00000).343

8 PDF uncertainties344

The observed AFB values depend on the size of the dilution effect, as well as on the relative con-345

tribution from u and d valence quarks to the total dilepton production cross section. Therefore,346

the PDF uncertainties translate into sizable variations in the observed AFB values. However,347

changes in PDFs affect the AFB(mll , yll) distribution in a different way from changes in sin2 q
lept
eff .348

Changes in PDFs result in changes in AFB’s in regions where the absolute values of AFB is349

large, i.e. at high and low dilepton masses. On the contrary, the effect of changes in sin2 q
lept
eff350

are largest near the Z-peak and are significantly smaller at high and low masses. Because of351

this behavior, which is illustrated in Fig. 8, we apply the Bayesian c2 reweighting method to352

constrain the PDF uncertainties [27–29] and reduce the PDF errors in the extracted value of353

sin2 q
lept
eff .354

As a baseline, we use the NLO NNPDF3.0 set. In the Bayesian c2 reweighting method, PDF
replicas that better describe the observed AFB distribution are assigned larger weights, and PDF
replicas that poorly describe the AFB are assigned small weights. Each weight factor is based
on the best-fit c2-value obtained with a given PDF replica i used in the templates:

wi =
e�

c2
min
2

1
N ÂN

i=1 e�
c2

min
2

, (12)

where N is the number of replicas in a PDF set. The final result is then calculated as a weighted355

average over the PDF replicas: sin2 q
lept
eff = ÂN

i=1 wisi/N, where si is the best-fit sin2 q
lept
eff value356

obtained for i-th PDF replica.357

Fig. 9 shows the distribution of the c2
min vs best-fit sin2 q

lept
eff value for the 100 NNPDF3.0 repli-

cas for the ee, µµ samples and combined ee+µµ samples. In these plots, all sources of the
statistical uncertainties, including muon momentum calibration, efficiencies, and MC smooth-
ing weights, as well as the experimental systematic uncertainties are included into the 72 ⇥ 72

This is a way of adding information from 
Afb in the  x,Q2 range of Z/W produciton
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- With limited acceptance (η<2.4) 
statistical (PDF) uncertainties are 50% (30%) 
larger compared to extended (η<2.8) acceptance 
regardless of int. luminosity and for both  
nominal or constrained PDF errors 
!

- With 1000/fb a single measurement will have 
~negligible stat. errors and PDF errors can be 
constrained to improve current precision of 
sin2θefflept

• Studied prospects for sin2θefflept  measurement with large integrated
luminosity and extended muon pseudorapidity coverage

• Two main conclusions:
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`

They Conclude:  GK method and 
Hessian method are equivalent

We have found out that this is indeed true.

`

Also
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