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Outline & Reference#

Ø  Motivation and goal!

Ø  Measurement of A with CMS!

Ø  Results and implications!

Ø  Reference:!

q https://cds.cern.ch/record/1639605!

q http://arxiv.org/abs/arXiv:1312.6283!

q Submitted to PRD!
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Motivation and goal#
Ø  LHC − world’s most energetic p-p collider!
Ø  Actual interactions proceed between partons!
Ø  Factorization of cross sections in pQCD �

!
�
!
Ø  Uncertainties in PDFs often dominate 

theoretical uncertainties of cross sections�
!

Ø  LHC explores new kinematic region!
�
�
!
!
Ø  Goal: use W→lν production to constrain PDFs!

Ø  Large cross-section !
Ø  Clean experimental signature�
!
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BRIEF ARTICLE 5

|�| bin N+ (⇥103) N� (⇥103) ⇥(N+, N�) ⌅2 (NDF=197) Araw (%)
pT > 25 GeV

0.00-0.20 1033.0± 1.4 764.9± 1.2 14.5 255 14.912± 0.096
0.20-0.40 970.2± 1.3 713.9± 1.2 14.9 190 15.216± 0.098
0.40-0.60 1060.3± 1.4 771.5± 1.2 14.7 220 15.766± 0.094
0.60-0.80 1055.1± 1.4 752.4± 1.2 14.6 213 16.745± 0.093
0.80-1.00 935.8± 1.3 652.1± 1.1 14.5 245 17.866± 0.098
1.00-1.20 931.0± 1.3 625.4± 1.1 13.9 231 19.636± 0.099
1.20-1.40 949.0± 1.3 621.6± 1.1 14.2 209 20.848± 0.099
1.40-1.60 957.1± 1.3 607.3± 1.1 13.7 202 22.365± 0.099
1.60-1.85 1131.8± 1.4 687.6± 1.2 14.7 225 24.417± 0.093
1.85-2.10 1113.4± 1.4 656.8± 1.1 12.9 237 25.797± 0.094
2.10-2.40 843.6± 1.2 481.3± 1.0 11.8 244 27.341± 0.106

pT > 35 GeV
0.00-0.20 574.3± 1.0 459.7± 0.9 18.9 203 11.083± 0.116
0.20-0.40 538.9± 0.9 428.9± 0.9 17.4 202 11.371± 0.119
0.40-0.60 588.3± 1.0 462.8± 0.9 18.5 187 11.935± 0.114
0.60-0.80 582.9± 1.0 453.7± 0.9 18.7 205 12.472± 0.114
0.80-1.00 513.7± 0.9 392.3± 0.8 18.7 218 13.406± 0.124
1.00-1.20 509.1± 0.9 379.2± 0.8 15.7 226 14.620± 0.121
1.20-1.40 520.2± 0.9 376.9± 0.8 16.2 191 15.970± 0.123
1.40-1.60 522.7± 0.9 370.2± 0.8 14.7 195 17.074± 0.123
1.60-1.85 614.6± 1.0 418.8± 0.9 17.5 239 18.945± 0.118
1.85-2.10 604.7± 1.0 395.8± 0.9 15.0 192 20.885± 0.123
2.10-2.40 464.3± 0.9 288.5± 0.8 14.7 234 23.357± 0.141

(40) A(�µ) =
d⇤(W+)/d�µ � d⇤(W�)/d�µ

d⇤(W+)/d�µ + d⇤(W�)/d�µ

(41) ⇤(pp⇤ X) =
�

a,b

⇥
dxadxbfa/p(xa, Q

2)fb/p(xb, Q
2)⇤̂(ab⇤ X)
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|�| bin 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.85 1.85-2.1 2.1-2.4
pT > 25 GeV

0.00-0.20 100.0 4.8 5.5 4.6 4.4 4.4 4.2 4.3 4.0 3.7 1.2
0.20-0.40 100.0 5.0 4.1 3.8 3.8 3.6 3.7 3.3 3.0 0.8
0.40-0.60 100.0 4.9 5.5 5.7 6.1 6.1 6.2 5.5 2.2
0.60-0.80 100.0 4.1 4.1 4.0 4.1 4.3 3.9 1.8
0.80-1.00 100.0 5.0 5.4 5.6 5.8 5.5 2.4
1.00-1.20 100.0 6.4 7.1 7.1 7.3 3.3
1.20-1.40 100.0 8.4 8.7 8.7 4.3
1.40-1.60 100.0 10.0 10.8 5.7
1.60-1.85 100.0 12.8 7.5
1.85-2.10 100.0 9.5
2.10-2.40 100.0

pT > 35 GeV
0.00-0.20 100.0 0.9 0.9 1.2 1.1 0.6 0.6 0.3 0.5 0.4 0.3
0.20-0.40 100.0 0.6 0.7 0.6 0.2 -0.0 -0.3 -0.1 -0.2 -0.1
0.40-0.60 100.0 1.0 1.0 1.2 1.3 1.0 0.8 0.6 0.1
0.60-0.80 100.0 1.4 0.8 0.9 0.8 1.0 1.1 1.0
0.80-1.00 100.0 1.1 1.2 1.0 1.2 1.1 0.7
1.00-1.20 100.0 2.2 1.9 1.4 1.3 0.1
1.20-1.40 100.0 2.5 2.0 1.9 0.5
1.40-1.60 100.0 2.4 2.6 1.3
1.60-1.85 100.0 3.1 2.2
1.85-2.10 100.0 3.5
2.10-2.40 100.0

(49) ⇥u = �⇥⇥ET �
�

⇥p µ
T

(50) x1,2 =
MW⇤

s
e±yW
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W charge asymmetry#
•  W charge asymmetry can�

probe PDFs directly à!

•  But yW cannot be measured!
à Measure A=A(ημ), sensitive to PDFs�
!

à A(yW) convoluted by anisotropic W decay!

4 THE AUTHOR

(27) Ay =
d⌃(W+)/dyW � d⌃(W�)/dyW

d⌃(W+)/dyW + d⌃(W�)/dyW

(28) Ay =
d⌃+/dyW � d⌃�/dyW

d⌃+/dyW + d⌃�/dyW

(29) Ayj =
⌃+

j � ⌃�j
⌃+

j + ⌃�j

(30) ⌃yj = ⌃+
j + ⌃�j

(31) �u||(qT ) = (c0 + c1qT )
�
1 + erf(�q�

T )
⇥

(32) A =
A0 � 0.5(1�A0)⇥
1 + 0.5(1�A0)⇥

⇥ A0 � 0.5(1�A2
0)⇥

(33) ⇥ =
⇤+(⌅)
⇤�(⌅)

� 1

(34) ⇤Q(⌅) =
 

⌥⇤data(Q, ⌅, pT )/⇤mc(Q, ⌅, pT ) 
⌥/⇤mc(Q, ⌅, pT )

(35) ⇤Q(⌅) =
 all ⌥⇤data(Q, ⌅, pT )

 all ⌥

(36) lnL =
Nbins⌦

i=1

⇤
di ln

fi

di
� fi + di

⌅

(37) lnL =
Nbins⌦

i=1

⇧

⌥di ln
fi

di
� fi + di +

Nsources⌦

j=1

�
aji ln

Aji

aji
�Aji + aji

⇥
⌃

�

(38) ⇧i,j =

 26
k=1(A

i
k,+ �Ai

k,�)(Aj
k,+ �Aj

k,�)
↵ 26

k=1(Ai
k,+ �Ai

k,�)2
↵ 26

k=1(A
j
k,+ �Aj

k,�)2

(39) A(yW ) =
d⌃(W+)/dyW � d⌃(W�)/dyW

d⌃(W+)/dyW + d⌃(W�)/dyW
⇥ u� d

u + d
⇥ uv � dv

uv + dv + 2q̄
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|�| bin N+ (⇥103) N� (⇥103) ⇥(N+, N�) ⌅2 (NDF=197) Araw (%)
pT > 25 GeV

0.00-0.20 1033.0± 1.4 764.9± 1.2 14.5 255 14.912± 0.096
0.20-0.40 970.2± 1.3 713.9± 1.2 14.9 190 15.216± 0.098
0.40-0.60 1060.3± 1.4 771.5± 1.2 14.7 220 15.766± 0.094
0.60-0.80 1055.1± 1.4 752.4± 1.2 14.6 213 16.745± 0.093
0.80-1.00 935.8± 1.3 652.1± 1.1 14.5 245 17.866± 0.098
1.00-1.20 931.0± 1.3 625.4± 1.1 13.9 231 19.636± 0.099
1.20-1.40 949.0± 1.3 621.6± 1.1 14.2 209 20.848± 0.099
1.40-1.60 957.1± 1.3 607.3± 1.1 13.7 202 22.365± 0.099
1.60-1.85 1131.8± 1.4 687.6± 1.2 14.7 225 24.417± 0.093
1.85-2.10 1113.4± 1.4 656.8± 1.1 12.9 237 25.797± 0.094
2.10-2.40 843.6± 1.2 481.3± 1.0 11.8 244 27.341± 0.106

pT > 35 GeV
0.00-0.20 574.3± 1.0 459.7± 0.9 18.9 203 11.083± 0.116
0.20-0.40 538.9± 0.9 428.9± 0.9 17.4 202 11.371± 0.119
0.40-0.60 588.3± 1.0 462.8± 0.9 18.5 187 11.935± 0.114
0.60-0.80 582.9± 1.0 453.7± 0.9 18.7 205 12.472± 0.114
0.80-1.00 513.7± 0.9 392.3± 0.8 18.7 218 13.406± 0.124
1.00-1.20 509.1± 0.9 379.2± 0.8 15.7 226 14.620± 0.121
1.20-1.40 520.2± 0.9 376.9± 0.8 16.2 191 15.970± 0.123
1.40-1.60 522.7± 0.9 370.2± 0.8 14.7 195 17.074± 0.123
1.60-1.85 614.6± 1.0 418.8± 0.9 17.5 239 18.945± 0.118
1.85-2.10 604.7± 1.0 395.8± 0.9 15.0 192 20.885± 0.123
2.10-2.40 464.3± 0.9 288.5± 0.8 14.7 234 23.357± 0.141

(40) A(�µ) =
d⇤(W+)/d�µ � d⇤(W�)/d�µ

d⇤(W+)/d�µ + d⇤(W�)/d�µ
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Overview of the measurement#
q  Measure muon charge asymmetry in 11 |η| bins:�

![0.00, 0.20], [0.20, 0.40], [0.40, 0.60], [0.60,0.80],�
![0.80, 1.00], [1.00, 1.20], [1.20, 1.40], [1.40,1.60],�
![1.60, 1.85], [1.85, 2.10], [2.10, 2.40].!

q  Within pT>25 GeV acceptance region for muon!
q  Cross-check measurement pT>35 GeV#
!

q   General approach:!
Ø  Require =1 high pT, good-quality, isolated muon to select W→μν candidates!
Ø  Split selected sample in 11 |η| × 2 Q sets!
Ø  In each |η| bin, !

Ø  Fit MET+ and MET- simultaneously with signal and background 
templates to extract W±→μ±ν yields and A	


Ø  Template shapes from MC, + data-driven corrections!
Ø  Normalizations from MC with theory xsec + corrections!

Ø  Correct extracted A for difference between ε+(η) and ε-(η)#
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Muon momentum correction#
Accurate Q-dependent calibration of μ momentum important!
•  largely from misalignment, partly from mis-modeling of magnetic field!

Ø  Defines acceptance region!
Ø  Affects MET shapes!
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After correction all biases are rem
oved 

Ø  Derived from Z→μμ events�
A. Bodek et al.  Euro. Phys. J.  C72, 2194 (2012)!
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MET shape and DY normalization#
Ø  DY background is first normalized to luminosity!
Ø  Correct with data/MC efficiency scale factors!
Ø  Additional k-factors applied that �

fix normalization in DY control region�
(full correction is taken as systematics)!

Ø  MET is corrected for the muon ∆pT �
and MET-Φ modulation!

Ø  Additionally, MET in MC is corrected to 
match average hadronic recoil and its 
resolution to data values. !
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q QCD MET templates from MC, with all corrections applied!
q  Check how corrections work in QCD control region�

à selected by inverting offline and trigger isolation!

QCD Shape#

q  Full correction is taken as systematics (yellow band)!
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Signal extraction#
q After all selections about �

~12.9M W+  & 9.1Μ W- candidates�
(~84% signal, ~8% EW, ~8% QCD)!

q  Signal is extracted with binned ML fit �
of MET in each |η| bin �
for W+ and W- events simultaneously!

q  Template shapes from MC + corrections!

q  Floating W+ and W- yields!
q  Floating QCD normalization �

with +/- fixed to control region value!
q  EW fixed to luminosity + corrections!
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Systematics# 10#
q Dominant sources of systematics:#

q  ε+/ε- ratio (limited by Z statistics)!
q QCD!
q Muon momentum for pT>35 GeV!

q Maximum bin-to-bin correlations#
q  ~30% for pT>25 GeV!
q  ~10% for pT>35 GeV!



A(+η) vs A(-η)  and comparison with Ae !
q  Re-do analysis in 22 bins and check that �

A(+η) = A(-η)!

q  Compare final result to previous 
measurement in electron channel�
à complementary input to PDF fits!
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Comparison with theory#
q Compare with NLO FEWZ 

predictions with 5 PDF models�
!

Ø  Good agreement with CT10, 
NNPDF, and HERA#

Ø  Poor agreement with MSTW2008 �
à was also noted with electron A	



Ø  Significantly improved by flexible 
parameterization in MSTW2008CPdeut#
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NLO vs NNLO#
q Compare FEWZ predictions with 

HERA at NLO vs NNLO �
!

q  Also cross-check with �
DYNNLO calculation#

Ø  For pT>25 GeV no significant difference 
between NLO and NNLO!

Ø  For pT>35 GeV difference becomes more 
significant at high η!
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FEWZ vs RESBOS#
q Compare predictions with CT10 

by FEWZ vs RESBOS to see if �
A is sensitive to fixed-order vs �
re-summation calculations#

Ø  No significant �
difference observed!
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Impact of A data on PDFs#
q Look at the impact of including �
A result in HERA PDF fit#

Ø  Χ2/ndof = 14/11!

Ø  Significant impact on valence  dv quark!
Ø  Some sensitivity to strange quark �

(à more in Ringaile’s talk)!
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q Muon charge A measured �
with full 2011 7 TeV data (4.7 fb-1)�
!

q Measurement precision �
       δA ~ 0.2%-0.4%#

q Dominant systematics:!
q Efficiency ratio ε+/ε-!
q QCD!
q Muon scale (for pT>35 GeV)!

q Result is in good agreement with �
most recent PDF models of all groups considered!

q Can make significant contribution to global QCD analysis!
!
q  Analysis of 8 TeV data ongoing:!

q  Expect similar or better precision à can provide additional input!
q  Preparatory step towards analysis of 13/14 TeV data!

q  More to come à  https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP!

Summary and Outlook# 16#



Thank you!!
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Backup!
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Latest CMS A measurements 
q  Preliminary muon charge 

asymmetry results: 
Ø  First 234 pb-1 of 7 TeV data	


Ø  pT>25 GeV	
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νµ →W 

MCFM:

 HERAPDF1.0
 MSTW2008NLO
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 NNPDF2.1 (NLO)

 > 25 GeVµ

T
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q  Published electron charge 
asymmetry results: 
Ø  First 840 pb-1 of 7 TeV data	


Ø  pT>35 GeV	



Ø  Our measurement updates muon A results with full 4.7 fb-1 dataset 
o  pT>25 GeV (main result) and pT>35 GeV (cross-check)   
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Tevatron Asymmetry Measurements 
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q  A(yW)  is sensitive to u/d ratio 
 

q  CDF used W mass constraint 
to unfold asymmetry as a function of W rapidity 
 

q  Latest D∅ muon charge asymmetry measured with 7.3 fb-1 
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|�| bin 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.85 1.85-2.1 2.1-2.4
pT > 25 GeV

0.00-0.20 100.0 4.8 5.5 4.6 4.4 4.4 4.2 4.3 4.0 3.7 1.2
0.20-0.40 100.0 5.0 4.1 3.8 3.8 3.6 3.7 3.3 3.0 0.8
0.40-0.60 100.0 4.9 5.5 5.7 6.1 6.1 6.2 5.5 2.2
0.60-0.80 100.0 4.1 4.1 4.0 4.1 4.3 3.9 1.8
0.80-1.00 100.0 5.0 5.4 5.6 5.8 5.5 2.4
1.00-1.20 100.0 6.4 7.1 7.1 7.3 3.3
1.20-1.40 100.0 8.4 8.7 8.7 4.3
1.40-1.60 100.0 10.0 10.8 5.7
1.60-1.85 100.0 12.8 7.5
1.85-2.10 100.0 9.5
2.10-2.40 100.0

pT > 35 GeV
0.00-0.20 100.0 0.9 0.9 1.2 1.1 0.6 0.6 0.3 0.5 0.4 0.3
0.20-0.40 100.0 0.6 0.7 0.6 0.2 -0.0 -0.3 -0.1 -0.2 -0.1
0.40-0.60 100.0 1.0 1.0 1.2 1.3 1.0 0.8 0.6 0.1
0.60-0.80 100.0 1.4 0.8 0.9 0.8 1.0 1.1 1.0
0.80-1.00 100.0 1.1 1.2 1.0 1.2 1.1 0.7
1.00-1.20 100.0 2.2 1.9 1.4 1.3 0.1
1.20-1.40 100.0 2.5 2.0 1.9 0.5
1.40-1.60 100.0 2.4 2.6 1.3
1.60-1.85 100.0 3.1 2.2
1.85-2.10 100.0 3.5
2.10-2.40 100.0

(49) ⇥u = �⇥⇤ET �
�

⇥p µ
T

(50) x1,2 =
MW⌅

s
e±yW

(51) A(yW ) ⇥ d(x2)/u(x2)� d(x1)/u(x1)
d(x2)/u(x2) + d(x1)/u(x1)
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|�| bin 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-1.4 1.4-1.6 1.6-1.85 1.85-2.1 2.1-2.4
pT > 25 GeV

0.00-0.20 100.0 4.8 5.5 4.6 4.4 4.4 4.2 4.3 4.0 3.7 1.2
0.20-0.40 100.0 5.0 4.1 3.8 3.8 3.6 3.7 3.3 3.0 0.8
0.40-0.60 100.0 4.9 5.5 5.7 6.1 6.1 6.2 5.5 2.2
0.60-0.80 100.0 4.1 4.1 4.0 4.1 4.3 3.9 1.8
0.80-1.00 100.0 5.0 5.4 5.6 5.8 5.5 2.4
1.00-1.20 100.0 6.4 7.1 7.1 7.3 3.3
1.20-1.40 100.0 8.4 8.7 8.7 4.3
1.40-1.60 100.0 10.0 10.8 5.7
1.60-1.85 100.0 12.8 7.5
1.85-2.10 100.0 9.5
2.10-2.40 100.0

pT > 35 GeV
0.00-0.20 100.0 0.9 0.9 1.2 1.1 0.6 0.6 0.3 0.5 0.4 0.3
0.20-0.40 100.0 0.6 0.7 0.6 0.2 -0.0 -0.3 -0.1 -0.2 -0.1
0.40-0.60 100.0 1.0 1.0 1.2 1.3 1.0 0.8 0.6 0.1
0.60-0.80 100.0 1.4 0.8 0.9 0.8 1.0 1.1 1.0
0.80-1.00 100.0 1.1 1.2 1.0 1.2 1.1 0.7
1.00-1.20 100.0 2.2 1.9 1.4 1.3 0.1
1.20-1.40 100.0 2.5 2.0 1.9 0.5
1.40-1.60 100.0 2.4 2.6 1.3
1.60-1.85 100.0 3.1 2.2
1.85-2.10 100.0 3.5
2.10-2.40 100.0

(49) ⇥u = �⇥⇥ET �
�

⇥p µ
T

(50) x1,2 =
MW⇤

s
e±yW
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