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ATLAS 80.370+-19

Currently direct Mw  measurement’s precision is  20 MeV

Mw

The  most recent
Measurements of Mw 
(CDF and Dzero 2.2 fb-1), 
and ATLAS  at 7 TeV
have errors of ~20 MeV.

Tevatron Legacy sample 9.1 fb-1

analyses not yet completed. Aim at
10 MeV error ?
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With a known Higgs mass, the SM is over-constrained.  Measurement of  MW 

provides  constraints on SM.   Mw  is consistent with supersymmetry

Mw     = 80.385 ± 0.015 
Mtop-2014 = 173.34 ± 0.76

Mw 

Mtop  (GeV) 

Testing the Standard Model

Average of  TeV/ LEP direct 
measurement of  MW is ~1 sigma (15 
Mev) higher than SM prediction.

Precision Electroweak Physics Arie Bodek, University of Rochester
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Alternatively:
Since MH is known, if one includes radiative co
rrections, MW can also be determined via
sin2θWon-shell = 1-Mw

2 / Mz
2

Both sin2θWon-shell and of   sin2θWeff can
be extracted from the Drell-Yan
forward-backward asymmetry (Afb).

An error of ± 0.00016 in sin2θweff is equivale
nt to an indirect measurement of Mw to a p
recision of  ± 8 MeV.

Mw     = 80.385 ± 0.015 
Mtop-2014 = 173.34 ± 0.76

Mw 

Mtop  (GeV) 

Average of  TeV/ LEP direct 
measurement of  MW is ~1 sigma (15 
Mev) higher than SM prediction.
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Aim at ± 0.00016 in sin2θweff

Mw to ± 8 MeV.

With a known Higgs mass, the SM is over-constrained.  Measurement of  MW 

provides  constraints on SM.   Mw  is consistent with supersymmetry

Testing the Standard Model
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An error of ± 0.00016 in sin2θw is equivalent to an indirect measurement of Mw
to a precision of  ± 8 MeV (which is  a factor of two better than the current 
uncertainty (± 15 MeV)  in the world average of direct measurements of Mw

This  level of precision is needed to probe for physics beyond the Standard 
Model.   Currently Mw and  sin2θw have similar errors.

However, At this level of precision, the two most precise  
measurements from e+e- colliders differ by 3 standard 
deviations.   

LHC experiments can achieve this level of precision
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Mw     = 80.385 ± 0.015 
Mtop-2014 = 173.34 ± 0.76
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Aim at ± 0.00016 in sin2θweff (SLD/ LEP 
combination)
Equivalent indirect Mw to ± 8 MeV

20  fb-1

20  fb-1

5    fb-1

3.2 fb-1

Precision EW at LHC

Data under analysis

13 TeV LHCb 5.4    fb-1

13 TeV ATLAS  140    fb-1

13 TeV CMS     140    fb-1

Precision EW at Tevatron

Precision EW at
LEP/SLD

Phys. Rev. D 97, 112007 (2018)

Phys. Rev. Lett. 120, 241802 (2018)

CMS Eur. Phys. J. C 78 (2018) 701

combined

combined

Preliminary

Plan for HL-LHC

14 TeV LHCb 300    fb-1

14 TeV ATLAS  3000    fb-1

14 TeV CMS     3000    fb-1
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Dilepton production at Hadron Colliders

The axial and vector neutral currents interfere

Weak neutral current strength related to sin2θeff

sin2θW = sin2θWon-shell = 1-Mw
2 / Mz

2 

What is actually measured with dilepton events is the 
effective lepton EW mixing  angle
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Sensitive to sin2θef

Z axial-vector interference

Above and below Z peak fb 
Insensitive to sin2θef

CDF

Quark from proton direction, 
antiquark from antiproton direction
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1. Fraction of valence u vs. d
2. Dilution (y dependent) from high x antiquarks 

True Diluted

CMS

Quark direction chosen to be the direction of dilepton rapidity (not always true}
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Diluted (observed)
In |y| bins

Dilution (y dependent). 
Therefore bin data in 
rapidity.

Extract sin2θeff by fitting the 
observed AFB (as a function 
of M and |y|) to templates 
generated with different 
values of sin2θeff .

Precision limited by PDFs

CMS
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Precision measurements of standard model parameters at 
hadron colliders are possible because of a new technique to 
constrain PDFs (published in 2016)

At the Z peak, Afb yields a measurement of sin2θeff

Above and below Z peak, axial coupling known. Does not depend on sin2θef .Therefore, 
measurements of Afb measure the dilution and provides  constraints on PDF  using the 
same Drell Yan sample (but above and below the Z peak)

At Tevatron:    Reduced  PDF error  to Dsin2θeff  from ±0.00023 to ±0.00017

At CMS:  Reduced  PDF error  to Dsin2θeff  from ±0.00054 to ±0.00030 at 8 TeV.
(It took 2 years to convince CMS of the validity of the technique)

Constrains on PDF are statistics limited only by the precision of Afb.
(can be further reduced with more data e.g. 13 TeV)

CMS Eur. Phys. J. C 78 (2018) 701
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The precision measurement at CMS and CDF
used two additional new techniques:

1:  Precise lepton momentum/energy scale  (and modeling resolution)
Reduces contribution at  to  Dsin2θeff   to  ±0.00008

2: Angular Event weighting method for AFB analyses: 
systematic errors in acceptance & efficiency cancel:  Dsin2θeff   ±0.00008
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Precise Lepton Energy/Momentum calibration
at CDF and CMS  (gets better with more luminosity)

Technique used for both  μ+μ- and  e+e- for both data and MC.
Used in CDF and CMS  for muons and electrons.   

Step I : Remove the correlations between the scale for the two leptons by getting an initial 
calibration using  Z events and requiring that the  mean <1/PT> of each lepton in bins of  η, Φ  and charge be correct.

Step II: The Z mass used as a reference scale.  The  Z mass  as a function of 
η, Φ, (and charge for μ+μ- )  of each lepton be correct (done in bins of  η, Φ ).  

•Reference scale for muons:  Expected  Z mass (post FSR) smeared by resolution (with acceptance cuts). ( 
J/Ψ and Υ are also used for tuning dE/dx).  

•Reference scale for  electrons:  Expected  Z mass post FSR with FSR photons  clustered to form a dressed 
electron ) smeared by resolution (with acceptance cuts).

In general:  both data and MC are misaligned (or mis-calibrated for electrons).
Corrections are extracted for both data and MC to agree with Z  reference scale.

CMS
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CMS
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CMS

CMS Eur. Phys. J. C 78 (2018) 701
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Details: Angular event weighting method (used in CMS and CDF) 

Uncertainties in acceptance & efficiency cancel. Event weighted  A FB
is the same  as  A FB for full acceptance (but smeared by experimental resolution).
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muons electrons

CMS

CMS Eur. Phys. J. C 78 (2018) 701
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Combined   ± 0.00018 (syst)
Dominated  by MC  statistics
Can be reduced with fast MC

Combined ± 0.00036 (stat)
8 TeV  19 fb-1

Combined   ± 0.00016 (theory)

Dominated by higher order QCD
Can be reduced in the future.

CMS
CMS Eur. Phys. J. C 78 (2018) 701

Next:  PDF errors
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BLUE :Vary sin2θeff for fixed PDF
ORANGE: Vary 100 NNPDF3.0 replicas for fixed sin2θeff i

All rapidity
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Bodek et al. EPJC 76, 115 (2016)
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Bayesian reweighting method: The weights are smaller for PDF 
replicas which give a bad Chi-square for their best fit sin2θeff

CMSThe new Technique can be implemented in both 
Bayesian PDFs  (done by CDF,  CMS) or Hessian PDFs (done by CMS. ATLAS) 
Both are equivalent.

Bayesian PDFs use 100 to 1000 PDF replicas (which span the phase space of the 
PDF errors). 

The standard technique is to  take the mean of all replicas for best value, and the 
standard deviation for the PDF uncertainty.  

The new technique constraining Bayesian PDFs Bodek et al. EPJC 76, 115 (2016
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muons electrons combined

CMS Eur. Phys. J. C 78 (2018) 701
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.

PDF errors can be reduced with
larger statistical samples !!!

(26 MeV error in
Mw indirect)

CMS

CMS Eur. Phys. J. C 78 (2018) 701
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What about other PDF sets?

Hessian PDFs  can also be converted  to Replica PDFs.  This allows us to 
test the Bayesian technique with any  PDF set.

Hessian PDFs have a set of error eigenvalue PDFS

Converting Hessian to Bayesian PDFs

CMS Eur. Phys. J. C 78 (2018) 701
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CMS PDF nominal CMS Bayesian PDF Weighted
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Constraining Hessian PDFs Directly (equivalent)

With Hessian constraints, we can only get the total (stat.+PDF) errors.
With Bayesian constraints we get Stat and PDF errors separately (and then add).

CMS Eur. Phys. J. C 78 (2018) 701
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The PDF constraining   technique works for both Hessian (eigenvectors) and Bayesian 
(Replica) PDFs. Same results are obtained from the two implementations
.

ATLAS uses Hessian PDFs constraints (they call it PDF profiling)

CMS Hessian 
PDF constraints

CMS
Bayesian PDF constraints

CMS Eur. Phys. J. C 78 (2018) 701

CMS Eur. Phys. J. C 78 (2018) 701
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LHCb uses unconstrained PDF errors
LHCb paper was published before PDF constraints  paper

[Bodek et al.  EPJ C76(2106) 115]
Precision Electroweak Physics
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ATLAS forward electron detector
(used for 8 TeV Preliminary results)
and also for 13 TeV analysis

CMS HF*  forward electron detector
(upgraded for 13 TeV) now being used in 
13 TeV analysis.

.
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CMS (8 TeV eeCC+  CCµµ): sin2θWeff = 0.23101 +- 0.00052  (with PDF constraints)
Preliminary ATLAS  (8 TeV eeCC+  CCµµ): sin2θWeff = 0.23119 +- 0.00049  (with PDF constraints)*

* Using Bodek et al. EPJC 76, 115 (2016) Method)

ATLAS preliminary 8 TeV (with PDF constraints)

ATLAS also Including forward detector

ATLAS 8 TeV sin2θWeff = 0.23140 +- 0.00036  (with PDF constraints)
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Aim at ± 0.00016 in sin2θweff (SLD/ LEP 
combination)
Equivalent indirect Mw to ± 8 MeV

20  fb-1

20  fb-1

5    fb-1

3.2 fb-1

Precision EW at LHC

Data under analysis

13 TeV LHCb 5.4    fb-1

13 TeV ATLAS  140    fb-1

13 TeV CMS     140    fb-1

Precision EW at Tevatron

Precision EW at
LEP/SLD

Phys. Rev. D 97, 112007 (2018)

Phys. Rev. Lett. 120, 241802 (2018)

CMS Eur. Phys. J. C 78 (2018) 701

combined

combined

Preliminary

Plan for HL-LHC

14 TeV LHCb 300    fb-1

14 TeV ATLAS  3000    fb-1

14 TeV CMS     3000    fb-1
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Tevatron Analysis

On-shell

(on-shell)
Effective

sin2θWon-shell = 1-Mw
2 / Mz

2
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Phys. Rev. D 97, 112007 (2018

Before MH was 
measured

Includes
MH value

Current Tevatron Combination  Indirect 
and direct measurements of Mw have 
similar errors  ~15 MeV

sin2θWon-shell = 1-Mw2 / Mz2

Indirect measurement of Mw within standard model (W. Sakumoto U. of Rochester)

ATLAS 80.370+-19
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Mw (direct)    = 80.385 ± 0.015 CDF+D0 
Mtop-2014 = 173.34 ± 0.76

Mw 

Mtop (GeV) 

Mw (indirect)    = 80.367 ± 0.017   CDF+D0

Current Tevatron
Combination  Indirect and 
direct measurements of Mw 
have similar errors  ~15 MeV

We can do better at the LH

Precision Electroweak Physics Arie Bodek, University of Rochester
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CMS-PAS-FTR-17-01   CMS study Muon only

CMS (muons and electrons)
2012       2015-2018                  HL-LHC (tracker upgrade from ! <2.5 to ! <2.8)
8 TeV 13 TeV 14 TeV
20 fb-1 140 fb-1 3000 fb-1 à 0.00003 Stat,  0.00012 PDF
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Important Tracking upgrade

CMS-PAS-FTR-17-01   CMS study Muon only

- 3000

(Upgrade tracking to 2.8)
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Important Tracking upgradeCMS-PAS-FTR-17-01   CMS study Muon only



Precision Electroweak Physics Arie Bodek, University of Rochester
39

Important Tracking upgrade

CMS-PAS-FTR-17-01   CMS study Muon only
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PDF

STAT

14 TeV CMS

!<2.4 PDF error  = 58 L-0.169

!<2.8 PDF error  = 41 L-0.155

!<2.4 STAT error  = 250 L-0.5

!<2.8 STAT error  = 160 L-0.5



Precision Electroweak Physics Arie Bodek, University of Rochester 41

Stat Error  = 250 L-0.5
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PDF error  = 41 L-0.155
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ATLAS study  electrons only

ATLAS (muons and electrons)   
2012       2015-2018                  HL-LHC   (tracker upgrade from ! <2.4 to ! <4.0)
8 TeV 13 TeV 14 TeV
20 fb-1 140 fb-1 3000 fb-1 à 0.00004 stat  0.00016 PDF
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LHCb Requires upgrade to enable running with a factor of 50 in luminosity at HL-LHC
2011-2012      2015-2018              HL-LHC
7 & 8 TeV 13 TeV 14 TeV
3.1 fb-1 4.5 fb-1 300 fb-1 

LHCb study !! only

à0.00005 Stat,  0.00010 PDF



Compare to combined LEP+SLD error of 16x10-5 (equivalent to 8 MeV error on Mw)
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Energy         8 TeV 13 TeV (my estimate)       14 TeV HL-LHC expected
------------------------------------------------------------------------------CMS PAS FTR17-001---

!!+ee !!+ee+eHF !! /!! +ee+eHF
CMS "<2.4 "<2.8                               "<2.8

L  fb-1             20                          140                                 3000/2000
Stat              40x10-5 11x10-5 3x10-5      error in sin2θeff
PDF.             30x10-5 18x10-5 12x10-5 error in sin2θeff

constrained             constrained                         constrained
-------------------------------------------------------------------------------ATL-PHY-PUB-2018-037---

ee+ !!+ eCF ee+!!+eCF ee+eCF/ ee !!+eCF
ATLAS "<2.8                     "<2.8                                "<4.0
L  fb-1            20                          140                               3000/2000
Stat               21x10-5 11x10-5 4x10-5 error in sin2θeff
PDF.              24x10-5 18x10-5 16x10-5 error in sin2θeff

constrained            constrained                         constrained
--------------------------------------------------------------------------------LHCb-PUB-2018-013-----

!! !! !!
LHCb 2<" <5                 2< " < 5                              2< " <5

L  fb-1            3                           5.4                                     300
Stat              73x10-5 37x10-5 5x10-5 error in sin2θeff
PDF.            56x10-5 19x10-5 10x10-5 error in sin2θeff

(unconstrained)       constrained                      constrained
*conclude:  with  HL-LHC sample, each experiment will match  LEP+SLD error



Current LHC plan – 13 TeV
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Each experiment will provide Born level unfolded Afb spectra for different mass bins.

This will allow for a combined analysis for sin2θeff and better PDF constraints.

My unofficial  estimates for 13 TeV : 
CMS  Stat     11x10-5 ATLAS  Stat  11x10-5 LHCb Stat     37x10-5

CMS  PDF     18x10-5 ATLAS   PDF  18x10-5 LHCb PDF     19x10-5

Which imply that the  combined STAT error from the 13 TeV sample will be  8x10-5

And the  combined PDF error at  13 TeV is would be about 15x10-5

Therefore, the error from the combined three 13 TeV samples would be  similar to 
the precision of LEP+SLD combination

Aim at ± 0.00016 in sin2θweff (SLD/ LEP combination)
Equivalent indirect Mw to ± 8 MeV



Conclusion
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• The combination of unfolded Afb data from the three LHC 
experiments at 13 TeV could achieve PDF errors in  sin2θweff at 
the  level of the SLD/ LEP combination.

• Run II 14 TeV measurements in each experiment could achieve 
PDF errors in  sin2θweff which are smaller than the error in  the 
SLD/ LEP combination.

• The expected precision in  upcoming the measurements of 
sin2θweff and Mw at the LHC  can provide similar constraints on 
physics beyond the standard model.

• Unfolded Afb data provide a  new channel for constraining 
PDFs.


