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Tension Between direct measurments of Mw, MH and Mt  In SM  
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Is there an alternate 
method to measure  
Mw? 

In SM: 
Sin2θw  = 1-Mw

2
  / Mz

2 

Therefore, a 
measurement of 
Sin2θw is equivalent to 
an indirect 
measurement of Mw. 



In hadron colliders:  

AFB for  e+e-  or µ+µ-  pairs in the Z boson Region  is  sensitive to  sin2θeff  
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Sin2θw  = 1- Mw
2

  / Mz
2 

AFB = (3/8) A4 



Tension Between Different Measurements of sin2θeff  
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New measurements of  sin2θeff    are valuable  

CMS µ+µ- 1.1  fb-1 

PRD84  112002 (2011) 

D0 e+e- 5.0  fb-1 
 PRD 84, 012007 (2011) 

CDF  e+e-  2.1  fb-1 

arXiv:1307.0770(2013) 
to be publ.PRD  (2013) 

Tension between LEP and SLD 

Tension between measurements of  effective EW  sin2θeff  

(Stark, LHC talk EPS 2013) 



Goal:  An indirect measurement of MW  at CDF:  
  (with precision equivalent to the direct measurement  at CDF  ~ 20 MeV) 
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Current errors in the direct 
 measurement of the W mass 
 at the Tevatron (MeV) 

Expected final  errors in direct 
measurement of W mass at the 
Tevatron (MeV) 



Today’s talk:   CDF - Three new innovations in the measurement of AFB  --> sin2θw  ->Mw 
-we get an error of 43 MeV  in the indirect measurement of  of Mw  with  9 fb-1 µ+µ-    data sample.  
   The application of the same techniques for  9 fb-1  the  e+e- channel will yield an error of 22 MeV   
(combined e+e-  & µ+µ-  will yield an error of 20 MeV )  results expected in Spring 2014). 
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1.  Z fitter EW radiative corrections (Spring 2013 
2. Precise momentum scale corrections 
3. Event weighting technique 

Expected Spring 2014 This talk 
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Drell-Yan asymmetry is measured in the Collins-Soper frame. 
The Collins-Soper frame is the CM frame of the dilepton pair. 
  It is also the q-qbar center of mass 

The dilepton pair can have  PT in the laboratory frame. The PT could originate from 
gluon emission by the quark in the proton, or the antiquark in the antiproton. Therefore, 
the q and qbar are not collinear in the CM of the dilepton pair. 

For dileptons with a PT, The change in the cosθ distribution in the Collins-Soper frame 
is well understood and is taken into account (adds a term A0(PT) to the angular 
distribution). 
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Cosθ in the Collins-Soper  (CM frame of the dilepton pair) 
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In proton-antiproton (Tevatron) collisions we know that the direction of the quark is 
usually in the proton direction and the direction of the anti-quark is primarily in the 
direction of the anti-proton. 

There is a small dilution of the asymmetry from the small fraction of events which 
originate from  the interactions of the antiquark sea in the proton with the quark sea 
in the antiproton.  This dilution is determined from PDFs. Since this contribution is 
small, the interpretation of  asymmetry measurements at the Tevatron are not very 
sensitive to PDFS. 

In proton-proton collisions (LHC),  the direction of the quark is taken to be the 
direction of the rapidity of the  Z boson (since quarks carry more momentum than 
antiquarks).  However, there is significant dilution from events in which the antiquark 
carries more momentum than the quark in the interaction. Because of this large 
dilution, the PDF dependent corrections at the LHC are much larger than at the 
Tevatron. 

PDF errors  
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Note that Afb is not Zero at the Z pole. Most of the 
sensitivity to sin2θeff is at the Z pole. 

Terms in boxes are zero when 
integrating over φ .  Which yields 

(1+cos2θ) + A4 cosθ 
+ A0(M,PT) (1- 3cos2θ)/2  

A0(M,PT=0)=0  



11 

What is measured is:  

In the analysis we measure sin2θeff . We also use the  full complex EW radiative 
corrections to    sin2θw , to obtain an indirect measurement of the W mass.  

CDF Analysis 

AFB = (3/8) A4 

(approx) 



1st  innovation:  
 ZFITTER  EW radiative corrections Enhanced Born Approximation (EBA) 
Implemented by Univ. of Rochester (W. Sakumoto, A. Bodek, J.-Y. Han), CDF     

2.1 fb-1 ee analysis, arXiv:1307.0770 (2013) Appendix A'  

•    
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AFB = (3/8) A4 

They are modified by ZFITTER form factors (which are complex) 

These  EW modification  ( Enhanced Born Approx - EBA) )  are incorporated into various 
QCD calculation of AFB  (e.g. POWHEG, RESBOS) with CT10  NLO PDFs. 

The value of sin2θeff extracted with RESBOS EBA radiative corrections is ~0.00031 larger than 
the value extracted using Pythia 6.4 with no radiative corrections.  This is 1/3 of the statistical 
error of this measurement which is 0.0009.  



2nd  innovation:   Precise  muon momentum scale corrections  
        A. Bodek et al.  Euro. Phys. J.  C72, 2194 (2012)  

  New technique now used in CDF,  CMS (and is also being implemented in LHCb). 

•  In all experiments, there are η,  Φ and charge dependent errors on the muon 
momentum because of residual misalignments in the detector. 

•  Muon scale corrections are essential for precise measurements of asymmerties, 
Higgs mass, and high mass Drell Yan pairs. 

   The Z mass is well known, and can be used as a calibration. However, the 
measured mass depends on the scale correction for two muons. 

   Need a  simple technique to  removes the correlations between the scales for the 
two muons. 
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 Precise  muon momentum scale corrections -   A. Bodek et al.  Euro. Phys. J.  C72, 2194 (2012)  
The method:  
•  Find the <1/PT> muons from Z events in bins of  η,  Φ and charge. Compare to the 

expected for a perfectly aligned detector with the same resolution.  These yield the 
scale  corrections for positive and negative muons in bins of  η, and   Φ . 

•  Compare the corrections for positive and negative muons to obtain additive corrections 
to <1/PT> from residual  misalignment and multiplicative corrections (B field scale).  
The corrections from residual  misalignment  dominate. 

•  Now compare the mean Z mass in bins of  η,  Φ  and charge to the mass expected 
from a perfectly aligned detector.   These are used to   fine tune the corrections. 

Checks of the method 
•  Check for charge bias by looking at the Φ  distribution in the Collins-Soper frame 

which is very sensitive to a bias between positive and negative muons 

•  Check  the corrections against other candles such as upsilon and J/psi at low mass.  

•  Extract the corrections using the technique for a MC simulation which incorporates the 
best estimate of the misalignments, and find how well the corrections work for very 
high mass. 
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From:  A. Bodek et al.  Euro. Phys. J.  
C72, 2194 (2012)  
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An example of a simulated Afb 
measurement in an LHC CMS-like 
detector with typical residual 
misalignments as compared to a 
perfectly aligned detector.  

How important are the momentum scale corrections for residual 
misalignments at the Tevatron and LHC> 
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(CDF 9 fb-1:  277K µ+µ- events)  
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(CDF 9 fb-1:  277K µ+µ- events)  
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(CDF 9 fb-1:  277K µ+µ- events)  



3rd  innovation: Event weighting method for AFB analyses 
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In this technique, all cosθ  acceptance and efficiencies cancel to first order and the 
statistical errors are 20% smaller. 

A0 (M, PT ) is a small QCD correction 
originating from the PT of the lepton pair 
resulting from gluon emission. A0=0 for PT=0.  
It has been measured at CDF and is in 
agreement with QCD calculations. It is 
described by the following form with k=1.65 

For each bin in cosθ the acceptance and efficiencies cancel. 
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However, one does not need to bin the 
data in cosθ . Using proper event weights, 
one can combine the events from all 
values of cos θ.  The events at  cosθ = 0 
where the asymmetry is 0 have a weight 
of zero, and events at cosθ = 1 have a 
maximum weight.  

With event weighting, all cosθ  acceptance and efficiencies cancel to 
first order and the statistical errors are 20% smaller.  2nd order 
corrections are applied using a MC. 

Event Weighting Technique - continued 



The asymmetry measurement in the muon channel could not be done with any other 
technique.  

This is because of the multiple number of muon detectors at various values of eta  
 (10  topologies ) which have a very complicated and very hard to model acceptance 
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After background subtraction : 276,623  events in CDF run II  (9 fb-1 µ+µ-)  
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Number of events for all 10 topologies as a 
function of cosθ for the 9 fb-1 µ+µ- sample 
(277K µ+µ- events)  

Number of events for the two topologies 
(CC and CP) a function of cosθ for the 
2.1 fb-1 e+e- sample (123K e+e-  events)   

Comparison of the cosθ  distribution for all  10 topologies in  the 9 fb-1 µ+µ- sample to 
the cosθ  distribution  for the two topologies (CC and CP) for the 2.1 fb-1 e+e- sample. .  

Because of the larger  acceptance in cosθ  for e+e-  events,  future errors in sin2θw  for the  
9 fb-1 e+e- are expected to be half of the errors of the current 9 fb-1 µ+µ sample  



Acceptance in rapidity needs to be accounted for.  In the µ+µ-   analysis we 
measure the asymmetry for |y|<1  and compare to theory with |y|<1  
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Acceptance corrected rapidity 
distribution for the three e+e- topologies 
(CC, CP and PP) for the 2.1 fb-1 e+e- 

sample 

Number of events as a function of rapidty 
for  all µ+µ-  topologies for the 9 fb-1 µ+µ- 

sample.  

Because of the dilution from the small fraction of antiquarks in the proton and the small fraction of 
quarks in antiproton,  Afb has a weak dependence on y.   The bias from the variation of the 
acceptance with y for y<1 is included in a 2nd order correction. 

2nd order corrections to event weighting 



backgrounds 
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Small Backgrounds from electroweak 
processes (0.5%, shown  in red) are well 
understood. These include WW, WZ, ZZ, t-
tbar, W+jets and Z to τ+τ-. 

QCD background (in blue) is extremely 
small, 0.1% estimated from then number of  
same sign muons. 
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QED FSR and 
detector resolution 
change the mass 
distribution and are 
corrected for using 
matrix unfolding. 



Afb results 9 fb-1 µ+µ-  
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2nd order correction to event weighting 
From MC simulation, Fully corrected and unfolded Afb 

Matrix unfolding for resolution and 
QED FSR 



How do we determine the 2nd order (bias) correction? 

•  Start with CDF Pythia 6.2 with a certain input Afb,. Extract the input 
Afb for |y|<1  to match the  muon acceptance region. 

•  Do a complete detector simulation. 

•  Reconstruct the MC data and perform the complete analysis (using 
  event weighting, and resolution and FSR unfolding). 

•  The difference between the “measured” Afb for the MC simulated 
data and the input Afb (for |y|<1 ) is the bias correction. 

•  The bias correction corrects for “all” 2nd order effects, such as the 
fact that the acceptance (for |y|<1 ) is not uniform, and any other 2nd 
order effects. 
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Total syst 

EBA ( enhanced Born approx) templates 
templates 

theory 

exp 

Statistical errors still dominate.  Expect factor of 2 
reduction of errors the with 9 fb-1 e+e- sample 

9 fb-1 µ+µ-  

EBA radiative corrections increased the extracted values of Sin2θw 
Resbos NLO template  –             by 0.00031 
POWHEG-BOX NLO template  - by 0.00021 
Pythia  LO template -                   by  0.00047 
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3.   Enhanced Born Approximation (EBA)  EW radiative corrections:  

 2. Event weighting technique is critical, detector acceptance cancels. 

CDF arXiv:1307.0770 (2013) appendix A  

Analysis of 9 fb-1 ee channel (~500K events) is in progress (factor of 2 reduction in errors- Spring 14)  

1.     Muon Momentum Calobration of Data and Simulation is critical for Afb.  
       A. Bodek et al.  Eur. Phys. J.  C72, 2194 (2012)  

  Summary  

A. Bodek, Eur. Phys. J. C67, 321 (2010) 

CT66  

CT10  

CT10 

Increases  the extracted sin2θeff  by ~0.0003 

errors  are dominated by the 
statistical  errors. Expect a factor of 
2 reduction in Spring 2014 when we 
add  9 fb-1 in the  ee channel  
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WIN 2013  ->PRD 2013 
(all CDF 9 fb-1  µ+µ-  Run II data) 

arXiv:1307.0770 (2013)-> PRD 2013 
partial (CDF 2 fb-1)  e+e-  Run II data) 

EPS 2013 

Phys. Rev. D84,  112002 (2011) 

Phys. Rev. D84, 012007 (2011) 

Comparison to other experiments 

Involves average of LEP1 and SLD 
(which are somewhat inconsistent) 

Directly comparable 
 to q-qbar -> ee, µ+µ  



CDF 9 fb-1  µ+µ : Comparison to direct measurement of Mw  
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WIN 2013  ->PRD 2013 
(all CDF 9 fb-1  µ+µ-  Run II data) 

arXiv:1307.0770 (2013)-> PRD 2013 
partial (CDF 2 fb-1)  e+e-  Run II data) 

(LEP 1 indirect + top mass) 

All direct: (CDF, D0, LEP2) 
World average 
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EPS 2013 

Phys. Rev. D84,  112002 (2011) 

Phys. Rev. D84, 012007 (2011) 

Expected in Spring 14 

Involves average of LEP1 and SLD 
(which are somewhat inconsistent) 

Directly comparable 
 to q-qbar -> ee, µ+µ  

CDF  9-1 fb µ+µ-=   
and 2fb-1  e+e-  combined)                        0.2320+-0.0007     

WIN 2013 --my CDF   
9fb-1 µ+µ-=  and 2fb-1  e+e-  average 

CDF Expected in Spring 14 CDF 9 fb-1 ee expected 2014              0.23xx +-0.0004 



   Expected errors in Spring 2014 
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CDF  9-1 fb µ+µ-=   
and 2fb-1  e+e-  combined) 80.339+-0.034 WIN 2013 --my CDF   

9fb-1 µ+µ-=  and 2fb-1  e+e-  average 

CDF 9 fb-1 ee expected 2014     80.xxx +-0.020 

   Will reduce CDF indirect Mw error to 20 MeV 

CDF Expected in Spring 14 


