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Introduc-on	
  

TEVATRON	
  (p-­‐p)	
  
Dominance	
  produc-on:	
  
•  qq	
  and	
  qg	
  (increasing	
  with	
  PT(W))	
  
Symmetries	
  (ini-al	
  states):	
  
•  Helicity:	
  N(qL)=N(qR)è	
  net	
  polariza-on	
  

symmetry	
  
•  Charge:	
  N(+)=N(-­‐)è	
  net	
  charge	
  

symmetry	
  
	
  

LHC	
  (p-­‐p)	
  
Dominance	
  produc-on:	
  
•  qg	
  (g	
  larger	
  x	
  than	
  sea	
  quark)	
  
Symmetries	
  (ini-al	
  states):	
  
•  Helicity:	
  N(qL)>N(qR)ènet	
  polariza-on	
  

asymmetry	
  ?	
  
•  Charge:	
  N(+)>N(-­‐)è	
  net	
  charge	
  

asymmetry!	
  
	
  	
  effects	
  grow	
  with	
  PT(W)	
  

•  LHC	
  has	
  strong	
  overall	
  C	
  and	
  P	
  asymmetries	
  
•  LHC	
  and	
  Tevatron	
  (Lep)	
  are	
  very	
  different	
  in	
  polariza-ons	
  	
  

High	
  PT(W)	
  (a)symmetries	
  
_	
  

_	
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fL, fR and f0 : left-handed, longitudinal and right-handed fraction of Ws. 

dJz,Jz '
J(lL + lR) : J =1;Jz =1

WX : J =1;Jz ' = X

lL

WlR

θ*	
  

W	
  res^rame:	
  
z’:	
  W	
  “flight”	
  direc-on	
  
z	
  :	
  lL	
  flight	
  direc-on	
  
	
  	
  

Rotate	
  spin	
  via	
  Wigner	
  D-­‐
matrices	
  to	
  W	
  direc-on.	
  

d!
d" *

~ fL
(1+ cos(" *))2

4
+ f0

sin(" *)2

2
+ fR

(1! cos(" *))2

4

θ*	
  required	
  to	
  determine	
  W	
  helicity	
  

d!
d" *

~ fL (d!1,!1
1 )2 + f0 (d0,!1

1 )2 + fR (d1,!1
1 )2W	
  x-­‐sec-on:	
  

Polariza-on	
  reminder	
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W	
  Polariza-on	
  (1jet)	
  at	
  LHC	
  

uL
uL

dL
dL

gL gR

!L

!R

lR
+

lR
+

a)	
  u,	
  gluon	
  lef-­‐handed:	
  
W	
  spin	
  in	
  d	
  quark	
  direc-on	
  
WL	
  100%	
  	
  

b)	
  u,	
  gluon	
  right-­‐handed:	
  
W	
  spin	
  opposite	
  to	
  u	
  quark	
  
WR	
  preferred:	
  100%	
  at	
  infinite	
  PT(W)	
  

W	
  Spin	
  

Illustra-ons	
  in	
  W	
  res^rame	
  

uLg :	
  incoming	
  par-cles	
  

W	
  flight	
  direc-on	
  

	
  	
  

(amplitude	
  a)2/(amplitude	
  b)2	
  =	
  4/1	
  at	
  infinite	
  PT(W)	
  

Predominantly	
  lef-­‐handed	
  Ws	
  (WL)	
  expected	
  at	
  the	
  LHC	
  

dL!R lR
+:	
  outgoing	
  par-cles	
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Polariza-on	
  observable	
  LP	
  	
  

LP highly is correlated to cos(θ*) 

P||
lL =

P(W )
2

(cos(!*)+1)

Lorentz-­‐boost	
  from	
  W	
  rest	
  to	
  CMS	
  (MW<<P(W)):	
  

•  Define	
  a	
  variable	
  using	
  this	
  fact	
  (Lepton	
  Projec-on)	
  
•  Only	
  PT(W),	
  not	
  P(W)	
  measured:	
  use	
  PT	
  not	
  P	
  

Lef-­‐handed	
  W	
  gives	
  most	
  momentum	
  to	
  lef-­‐handed	
  
lepton!	
  

Madgraph	
  W+jet	
  Gen-­‐level:	
  
PT(W)>100	
  GeV	
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Kinema-c	
  effects	
  &	
  applica-ons	
  	
  
Madgraph	
  W+jet	
  Gen-­‐level:	
  PT(W)>100	
  GeV	
  

•  Strong	
  charge	
  asymmetry	
  in	
  MET	
  
produced	
  (4:1)	
  

•  W	
  acceptance	
  affected	
  by	
  polariza-on	
  

Kinema-c	
  effects	
  from	
  polariza-on	
  are	
  
strong!	
  

	
   	
   	
  Applica-on	
  
RPC	
  SUSY:	
  lepton	
  PT	
  <<	
  MET	
  
•  	
   e.g.	
  CMS	
  one	
  leptonic	
  SUSY	
  search	
  
gluon	
  fusion	
  processes	
  (i.e.	
  LQ,s)	
  
•  fully	
  CP	
  symmetric	
  
•  s/W+jet	
  separa-on	
  
….	
  

PT (lR
+ ) / PT (lL

! ) PT (vL ) / PT (vR )



	
  
	
  

The	
  Measurement	
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  Muons	
  
Selec-on	
  

•  Single	
  muon	
  trigger	
  
•  1	
  isolated	
  muon,	
  PT>20	
  GeV	
  |η|<2.1	
  
•  0	
  isolated	
  electron	
  (PT>20	
  GeV,	
  |η|<2.5)	
  
•  <	
  4	
  Jets	
  (PTjet	
  >	
  20	
  GeV)	
  (reject	
  s)	
  
•  ΔRmin(μ,	
  jet)	
  >	
  0.5	
  	
  
•  Veto	
  2nd	
  muon	
  with	
  pT>10	
  GeV	
  (reject	
  Z0)	
  
•  MT	
  >	
  30	
  GeV	
  (reject	
  QCD)	
  
•  PT(W)	
  >	
  50	
  GeV	
  	
  
	
  

l  Event	
  yields	
  per	
  pb-­‐1	
  from	
  the	
  MC:	
  

• The transverse mass is defined as MT =
�

2PT (µ)PT (ν)(1− cos(∆φ(µ, ν))), where the neutrino trans-

verse momentum is estimated using the particle flow E
miss

T .

• The value of PT (W ) is estimated from | �Emiss

T + �PT (µ)|, again using the particle flow E
miss

T .

The yields resulting from the application of these selection requirements for both the signal (W ) and Standard

Model backgrounds are shown in Table 2 (see Appendix for list of samples used).

Table 2: Muon channel event-yields for signal (W ) and SM backgrounds, expected for an integrated luminosity of

1pb
−1

following the selection requirements as defined in Section 4.3. The QCD sample used is for p̂T > 15 GeV.

W+Jets QCD Z+Jets tt̄ S/B

Trigger 7033 493887 909 28.1 0.01

Nµ = 1, Ne = 0 5086 27792 376 11.4 0.18

< 4 jets 5067 27740 368 5.5 0.18

∆Rmin(µ, jet) < 0.5 4979 26762 358 5.3 0.18

Second Muon Veto 4973 26762 232 4.3 0.19

PT (W ) > 50GeV 264 21.3 14.6 3.1 6.8

MT > 30GeV 218 0.0 5.4 2.0 26.0

5 Electron Channel
5.1 Introduction
In contrast to muons, electron reconstruction faces considerably larger (and different) backgrounds, primarily from

QCD. Broadly speaking, these can be separated into three categories:

1. Misidentified jets. These can come from a π
0

spatially overlapping with a charged hadron. The photon

shower from the π
0

gives an ECAL deposit, whilst the charged hadron leaves an associated track. Another

source is from charged hadrons showering early in the ECAL via charge exchange (π
+
n→ γp),

2. Electrons from photon conversions,

3. Electrons from heavy-flavour quark decays.

For the electron channel, a set of simple cut-based ID variables developed for the W → eν cross section mea-

surement [10] are adopted. As well as strongly suppressing the relevant backgrounds, these variables are well

understood and thus suitable for early data taking. The cut values have been optimised against the relevant back-

grounds for a selection of desired signal efficiencies. The variables used are briefly reviewed in Section 5.2.

5.2 Electron ID Variables
The following variables are used for the Electron ID, following EGM groups recommodations:

• σiη,iη measures the RMS shower width in the eta direction.

• ∆φin and ∆ηin give the geometric match, in φ and η respectively between the GSF track trajectory and the

ECAL supercluster.

• Tracker, ECAL and HCAL isolation formed respectively from the sum of ECAL RecHits, HCAL RecHits

and track pT in a cone of ∆R < 0.3. The center of the cone is taken to be the super-cluster for the calorimeter

isolations and the track direction at the vertex for the tracker. For tracker isolation an transverse momentum

cut of 700 MeV is applied for the tracks in the cone. For the crystal a zero suppression cut is applied. The

isolation are the ones recommended by the EGM group.

• H/E is the ratio of the energy deposited in the HCAL behind the electron seed to the energy of the super-

cluster.
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Strategy	
  
Extract	
  polariza-on:	
  
•  Use	
  LP	
  variable	
  
•  MC-­‐templates	
  of	
  LP	
  for	
  100%	
  	
  fL,	
  fR,	
  f0	
  	
  
•  Fit	
  templates	
  to	
  data	
  
Backgrounds:	
  
•  EWK	
  (Z0,s):	
  	
  

•  MC-­‐templates	
  of	
  LP	
  	
  
•  EWK/W+jets	
  ra-o	
  fixed	
  in	
  fit	
  	
  

•  QCD:	
  
•  Cuts	
  make	
  QCD	
  neglectable	
  

Template	
  fits	
  to	
  extract	
  polariza-on	
  of	
  Ws	
  with	
  >	
  PT	
  50	
  GeV	
  	
  

-­‐	
  



Muon	
  fit	
  

Fit	
  result	
  (blue)	
  

Fit	
  result	
  (blue)	
  

•  Templates	
  clearly	
  dis-nct	
  also	
  in	
  RECO	
  level	
  
•  “Medium”	
  W	
  PT	
  and	
  RECO	
  effects	
  smears	
  peaks	
  at	
  0,0.5	
  and	
  1	
  
•  Fit	
  parameters	
  are	
  fL-­‐fR	
  and	
  f0	
  (fs	
  have	
  add	
  up	
  to	
  one)	
  

•  Final	
  fit	
  agrees	
  well	
  to	
  data	
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  Electrons	
  	
  
Selec-on	
  

•  Single	
  electron	
  trigger	
  

•  1	
  isolated	
  electron,	
  PT>25	
  GeV	
  |η|<2.5	
  

•  0	
  isolated	
  emuon	
  (PT>10	
  GeV)	
  

•  <	
  4	
  Jets	
  (PTjet	
  >	
  20	
  GeV)	
  (reject	
  s)	
  

•  Veto	
  on	
  2nd	
  electron	
  with	
  pT>15	
  GeV	
  

•  MT	
  >	
  50	
  GeV	
  (reject	
  QCD)	
  

•  PT(W)	
  >	
  50	
  GeV	
  	
  

	
  
l  Event	
  yields	
  expected	
  per	
  pb-­‐1	
  from	
  the	
  MC:	
  

Strategy	
  (changes	
  w.r.t.	
  muon)	
  
Backgrounds:	
  
•  QCD:	
  

•  Cut	
  harder	
  on	
  MT	
  
•  Data-­‐driven	
  templates	
  via	
  cut-­‐

inversion	
  (track-­‐cluster	
  matching	
  
inverted)	
  

•  Keep	
  QCD	
  frac-on	
  an	
  open	
  
parameter	
  in	
  the	
  fit	
  

Figure 19: The RECO PT (W ) resolution,

(P gen

T (W ) − P RECO

T (W )) / P gen(W )
T , in the elec-

tron channel, using | �Emiss

T + �PT (e)| (black) and

|
�

j
�P j

T jets| (red) in the reconstruction.

Figure 20: The RECO PT (W ) resolution as a func-

tion of the generator PT (W ).

Table 3: Electron channel event-yields for signal (W ) and full list of SM backgrounds, expected for an integrated

luminosity of 1pb
−1

.

Cut W+Jets QCD Z+Jets γ+jets tt̄ S/B

Trigger 6887.0 621013 804.4 1664.1 85.7 0.0

Ne == 1 2819.7 214.6 170.7 64.4 14.0 6.1

Nµ == 0 2819.6 214.5 169.9 64.4 12.1 6.1

< 4 jets 2816.2 213.5 169.2 64.4 6.7 6.2

W boson PT > 50 GeV 182.2 17.2 28.4 15.9 5.0 2.7

MT > 50 GeV 122.8 2.7 3.7 3.1 3.3 9.6

5.4 Background estimate
The main background to the analysis in the electron-channel is from QCD events where some mismeasurement has

occurred leading to significant “fake” PT (W ) in coincidence with a real or fake electron from one of the sources

listed in Section 5.1. The background from QCD is the most problematic because of the large uncertainties associ-

ated with the production, hadronization and measurement of hadronic jets. Mismeasured or partially reconstructed

Z events can also contribute to the backgrounds. These occur when a leptonic decay leg is missed (and thus passes

the mass window cut) combined with some other mismeasurement (e.g. a fake electron) which will pass the re-

construction level PT (W ) cut. Lastly, there is also a contribution from events with a photon and some number of

jets where the photon has either been misidentified or converted to be reconstructed as an electron.

One method for estimating the QCD background is by inverting one or more of the electron-ID cuts to obtain

a sample of events enriched in “QCD electrons”. This is performed on the data to obtain a template which can

then be used to fit the signal region, thus giving a data-driven background estimate. This method faces certain

difficulties since the LP variable has a different shape for each of the components of the QCD background. If by

inverting the cut, we alter the composition of the background, we will find that our template poorly describes the

signal region.

We are able to overcome these problems by choosing a variable that is relatively uncorrelated with the background

composition. By inverting the ∆ηin and ∆φin cuts, we see that the relative background composition is relatively

unchanged by the cut inversion (see Figures 21 and 22). The small difference in shape is found to have a negligible

effect on the final fit result. The associated systematic errors are discussed in Section 7.3.

17

Figure 19: The RECO PT (W ) resolution,

(P gen

T (W ) − P RECO

T (W )) / P gen(W )
T , in the elec-
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T + �PT (e)| (black) and

|
�

j
�P j

T jets| (red) in the reconstruction.

Figure 20: The RECO PT (W ) resolution as a func-

tion of the generator PT (W ).
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effect on the final fit result. The associated systematic errors are discussed in Section 7.3.

17

Use	
  data-­‐driven	
  templates	
  for	
  QCD	
  and	
  fit	
  QCD	
  frac-on	
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An--­‐selec-on	
  x-­‐check	
  

•  QCD	
  an--­‐selec-on	
  
used	
  for	
  QCD	
  shape	
  

•  QCD	
  normaliza-on	
  
fised	
  to	
  data	
  

•  Same	
  an--­‐selec-on	
  
for	
  control	
  sample	
  
as	
  in	
  CMS’s	
  W	
  x-­‐
sec-on	
  
measurement	
  

An--­‐selected	
  QCD	
  describes	
  data	
  well	
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Electron	
  Fit	
  

•  “Fake”	
  isolated	
  electrons	
  in	
  QCD	
  have	
  few	
  MET	
  è	
  QCD	
  peaks	
  at	
  LP~1	
  
•  QCD	
  peak	
  close	
  to	
  other	
  template	
  peaks	
  è	
  correla-ons	
  in	
  fit	
  increase	
  
Ø  Electron	
  fit	
  more	
  sensi-ve	
  to	
  systema-cs	
  and	
  less	
  sta-s-cal	
  precision	
  than	
  muon	
  

•  Electrons	
  important	
  test	
  of	
  muon	
  result	
  
•  Final	
  fit	
  agrees	
  well	
  to	
  data	
  

4
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Figure 1: Fit results using 36 pb−1 of collision data for the LP(e−) (left) and LP(e+) (right)
distributions. The left-handed, right-handed and longitudinal W components, with normal-
ization as determined by the fit, are represented by the dashed, dotted, and dash-dotted lines
respectively. The shaded distributions show the QCD and EWK backgrounds. The solid line
represents the sum of all individual components, and can be directly compared with the data
distribution (circles).
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Figure 2: Fit results using 36 pb−1 of collision data for the LP(µ−) (left) and LP(µ+) (right)
distributions. The left-handed, right-handed and longitudinal W components, with normal-
ization as determined by the fit, are represented by the dashed, dotted, and dash-dotted lines
respectively. The shaded distribution shows the EWK backgrounds. The solid line represents
the sum of all individual components, and can be directly compared with the data distribution
(circles).
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Muons:	
  

Electrons:	
  

•  PT(W)	
  related	
  uncertain-es	
  directly	
  affect	
  measurement:	
  
Ø Domina-ng	
  uncertainty	
  

•  The	
  electron	
  channel	
  is	
  more	
  sensi-ve	
  to	
  systema-cs	
  

6

Uncertainty ( fL − fR)
− f−0 ( fL − fR)

+ f+0
electron channel

recoil energy scale ±0.042 ±0.150 ±0.027 ±0.078
recoil resolution ±0.046 ±0.047 ±0.037 ±0.039

electron scale ±0.017 ±0.014 ±0.019 ±0.016
total uncertainty ±0.066 ±0.174 ±0.050 ±0.090

muon channel
recoil energy scale ±0.029 ±0.123 ±0.011 ±0.092
recoil resolution ±0.012 ±0.006 ±0.012 ±0.004

muon scale ±0.002 ±0.004 ±0.004 ±0.036
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Results:	
  Muon&electron	
  combined	
  

Table 8: A summary of the fit results for positively charged and negatively charged muons and electrons respec-

tively, as well as the combined charge fit. Also shown are the values obtained from the MC on generator level

Data Fit Result

µ : (fL − fR)− 0.240± 0.036 (stat.) ±0.031 (syst.)

µ : f−0 0.183± 0.087± 0.123
Correlation 0.395 (stat.)

χ2
/ndof (stat) 0.767

µ : (fL − fR)+ 0.310± 0.036± 0.017
µ : f+

0 0.171± 0.085± 0.099
Correlation -0.721 (stat.)

χ2
/ndof (stat) 0.967

e : (fL − fR)− 0.187± 0.069 (stat.) ±0.066 (syst.)

e : f−0 0.130± 0.200 ±0.174
Correlation (stat) -0.204 (stat.)

χ2
/ndof (stat) 0.872

e : (fL − fR)+ 0.277± 0.060 ±0.050
e : f+

0 0.24± 0.190 ±0.090
Correlation (stat) -0.295 (stat.)

χ2
/ndof (stat) 2.239

comb: (fL − fR)− 0.226± 0.031 (stat.) ±0.050 (syst.)

comb: f−0 0.162± 0.078 (stat.) ±0.136 (syst.)

Correlation (stat) 0.304 (stat.)

comb: (fL − fR)+ 0.300± 0.031 (stat.) ±0.034 (syst.)

comb: f+
0 0.192± 0.075 (stat.) ±0.089 (syst.)

Correlation (stat) -0.660 (stat.)

Table 9: A summary of the fit results for positively charged and negatively W respectively. Also shown are the

values obtained from the MC (Madgraph) on generator level using different PDF sets.

MC (fL − fR)− f−0 (fL − fR)+ f+
0

MG LO (CTEQ6L1) 0.242 0.215 0.322 0.225
MSTW2008 NNLO 0.233 0.214 0.318 0.224

NNPDF 2.0 0.247 0.214 0.324 0.223

Table 10: A summary of the fit results for positively charged and negatively charged QCD fraction in the electron

selection. fQCD is the fraction of QCD events, NQCD the estimated number of QCD events. Also the correlation

to polarization parameters are cited.

fQCD NQCD correlation ((fL − fR),fQCD) correlation (f0,fQCD)

e− 0.094± 0.056 221.3± 131.8 -0.540 0.840

e+ 0.098± 0.042 284.5± 121.9 0.198 0.808

(e + µ)− 0.089± 0.025 209.5± 58.9 -0.172 0.493

(e + µ)+ 0.094± 0.020 272.9± 58.1 0.018 0.476

38

Combined	
  fit	
  takes	
  correla-ons	
  of	
  systema-cs	
  into	
  account	
  

Sta-s-cal	
  uncertainty,	
  full	
  uncertainty	
  

Results	
  from	
  muon	
  and	
  electron	
  fits	
  agree	
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  Results:	
  Muons	
  

Precision	
  on	
  (fL-­‐fR):	
  <	
  5%	
  

Theory	
  predic-on	
  (blackhat):	
  	
  
arXiv:1103.5445	
  

Predic-on	
  and	
  measurement	
  agree	
  

!"# $%&'( "#
)*"+*,-+ ./012 ./003 ./045
*.+ ./324 ./362 ./32
)*"+*,-& ./4.7 ./4.0 ./43
*.& ./0 ./376 ./327
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Summary	
  

•  W	
  polariza-on	
  at	
  LHC	
  dis-nct	
  to	
  
par-cle-­‐an-par-cle	
  colliders	
  	
  

•  W	
  polariza-on	
  strongly	
  affects	
  
kinema-cs	
  at	
  high	
  PT(W)	
  

•  Standard	
  Model	
  expecta-on	
  and	
  
data	
  agree	
  	
  

•  Polariza-on	
  (fL-­‐	
  fR	
  )	
  measured	
  up	
  to	
  
few	
  %	
  	
  


