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Caveats and credits

à This talk in its contents would not have been possible without the help of my 
colleagues from ATLAS, CMS and LHCb
Many thanks to Josh, Maarten, Mika, Stefano and Will!

à Nor would it have been possible without the time spent by Ashutosh in two of 
our LPCC precision EW meetings last year to discuss with us and answer the 
numerous questions raised by the new CDF result
Many thanks to Ashutosh and Chris!

à As you have heard from Maarten in the previous talk, we (experimentalists and 
theorists working on hadron collider mW measurements) are in a difficult 
situation:
a) we have a ~ 4s discrepancy between the average of previous mW
measurements (which are in reasonable agreement) and the new CDF result.
b) it seems very unlikely that any theoretical aspect can explain the large 
difference in the central values discussed in the combination group

Experimental and theoretical uncertainties 
in mW measurements at hadron colliders
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From the beginning, with the observation of two-jet dominance 
and of 4 W à en and 8 Z à e+e- decays

Historical interlude: the 80’s in UA1/UA2 at the SppS

√s = 546 GeV, L ~ 1029 cm-2s-1

UA2 was perceived 
as large at the time:

ª 10-12 institutes
ª from 50 to 100 

authors
ª cost ~ 10 MCHF
ª duration 1980 to 

1990

Physics analysis was 
organised in two groups:

1. Electrons ®
electroweak

2. Jets ® QCD
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Caveats and credits

à What the combination group explicitly decided not to discuss (except for PDFs) 
however were the uncertainties from the different sources for the various 
measurements.

à For this talk, I have attempted something not possible with any scientific rigor 
such as that shown in the previous talk after many years of work: a comparison 
between the uncertainties assigned by CDF/ATLAS/LHCb (plus CMS to a 
certain extent) to such a measurement. This will be illustrative but hopefully 
interesting, don’t shoot me down outright during the talk J

à My main motivation to do this is to prolong in the future the work of the 
combination group by having a rigorous discussion of all these aspects between 
all the experiments, so that we may perhaps resolve this over a year or two 
rather than over decades with the much needed help of our theory colleagues 
working on precision DY predictions.

This will require open collaboration between us all, regardless of which 
experiment we are working in.  And it will require work!

Experimental and theoretical uncertainties 
in mW measurements at hadron colliders
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Comparison of systematics for mW measurement
Uncertainties in MeV

Measurement CDF_muon
mT

CDF_full ATL_old/new
pTl

LHCb
pTµ

Stat. 9.2 6.4 7.2/4.9 23

Momentum
scale

2.1 3.0 8.4/6.8 7

Efficiency 0.5 0.4 5.0/4.0 7

Background 3.9 3.3 4.6/2.4 2

pTW/Z model 1.1 1.8 + 1.3 5.9/3.5 11

Ai 0 0 5.8/3.5 10

QED 2.7 2.7 5.7/6.0 7

PDFs 3.9 3.9 9.0/7.7 9

Total syst. 7.4 6.9 17.2/15.5 22

Total unc. 11.8 9.4 18.7/16.3 32
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Relative importance of different measurements

• Measuring electrons AND muons provides a crucial set of closure constraints on 
the experimental systematic uncertainties. A number of experimental issues at the 
~ 30-50 MeV level on mW were resolved in both channels thanks to this.

• Even though the weight of the mT measurement is much smaller than that of pTl, 
it plays an important role in the understanding of the theoretical modelling
uncertainties on pTW
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Cross-checks with Z events (ATLAS and CMS 7 TeV):
remove one lepton from Z to ll decay to emulate neutrino

à verify exp. syst. for recoil measurement within limits of Z stats

https://cds.cern.ch/record/2139655?ln=en

https://cds.cern.ch/record/2139655?ln=en
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1. The CMS measurement is less precise statistically than the ATLAS one for
muons for several reasons (only muons with |h| < 0.9 used in CMS, half of the
sample used for the recoil calibration and the other half for the measurement)

2. The lepton calibration in ATLAS is more precise because it is based on the full
run-1 dataset (7 and 8 TeV)

3. The recoil calibration in CMS appears more precise than the ATLAS one
(particle flow versus 3D topological clusters) but the response of the recoil in
CMS is ~ 30%, to be compared to ~ 70% in ATLAS

4. The efficiency systematics for CMS are much smaller (stats insufficient?)

Cross-checks with Z events (ATLAS and CMS 7 TeV)
Source of uncertainty
(values in MeV for mT meas.)

CMS
muons

ATLAS
muons

ATLAS
electrons

Lepton efficiencies 1 3.9 8.2

Lepton calibration 14 8.9 11.6

Recoil calibration 9 12.0 12.0

Statistics 35 28 38

Remarks
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à All publications discuss the consistency and robustness of the results

à This can be studied in many ways by slicing up data sample as a function of 
time or of “hidden” variables such as the amount of pile-up

à At this point, one has to mention the poor agreement of the previous CDF result 
with the new one, of which it is a subset. 

à In short: 20% of data with lowest amount of pile-up are more than 2s away 
from 80% of data with significantly larger pile-up.  What do control plots look 
like for these new data? What are the results of the fit for these new data?

à Stability of results as a function of instantaneous luminosity could perhaps be 
checked? We are not sure from discussions with Ashutosh whether this might 
be impossible technically or whether it is a person-power issue. 

Experimental issues : internal consistency of results

asaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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Magnetic field, alignment and momentum scales
• It is quite interesting and somewhat distressing to see that significant offsets are 

observed in some experiments between observed mass scale for known particles 
and expected mass scale. One can try to compare here all four experiments.

• Observed offsets :
CDF:  -1.4 per mil
ATLAS: -0.85 per mil
CMS: -0.80 per mil in situ for field, not known yet what is size of residual offset
but should be ok if at the ~ 0.2 per mil level?
LHCb: ~ 0.5 per mil from U

• Even though this can be calibrated away using data (large J/y,U and Z to ll
statistics available in all experiments), it is hard to be easily convinced that 
a large offset is not an issue at the few MeV level.

• ATLAS solenoid field map known to 0.2 per mil in central region (measured in 
situ but without the tracker) https://iopscience.iop.org/article/10.1088/1748-0221/3/04/P04003/pdf

• CMS solenoid measured on the surface without any detector with very high 
accuracy. It is much longer than the tracker itself, so the field could be 
remeasured in situ with the tracker installed just outside its volume.
https://arxiv.org/pdf/2202.02562.pdf

Experimental issues

https://iopscience.iop.org/article/10.1088/1748-0221/3/04/P04003/pdf
https://arxiv.org/pdf/2202.02562.pdf
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• Observed offset is stable versus particle mass (and hence lepton pT) and also
versus particle rapidity

• Could be due to weak modes, but these are now excluded, see below
• So we are left with a ~ 4s deviation from our magnetic field measurement

(overall syst. unc. increases from 0.2 to 1.0 per mil from z = 0 to z = zmax)

ATLAS momentum scale discussion
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ATLAS momentum scale discussion

ATLAS scale is off by 0.00085 or 80 MeV at mZ:



12D. Froidevaux, CERN mW days, CERN, 17/04/2023

LHCb momentum scale discussion
LHCb does a sophisticated simultaneous fit of the known 
resonances, and uses mZ as a constraint. 
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LHCb momentum scale discussion

LHCb scale is at mZ is fully compatible with U scale
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Discussion of CDF measurement

A. Kotwal
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Discussion of CDF measurement
1) Very impressive work on muon momentum scale calibration
2) However overall shift of scale seen below, although compatible 

with being flat over whole spectrum corresponds to > 100 MeV
3) A bit difficult to believe the overall 2 MeV residual systematic 

assigned to mW
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•xfx

Angular coefficients in Z(W) decays to leptons

•fxf
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•xfx

Measurement of angular coefficients in Z(W) decays to leptons

•fxf

https://link.springer.com/article/10.1007/JHEP11(2017)003

1) NNLOJET authors claim that perhaps it makes more sense to decorrelate 
scale variations between polarized and unpolarized cross-section in Ai 
coefficient predictions, based on insufficient convergence of perturbation 
theory  

https://link.springer.com/article/10.1007/JHEP11(2017)003
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•xfx

Measurement of angular coefficients in Z(W) decays to leptons

•fxf

https://link.springer.com/article/10.1007/JHEP11(2017)003

https://link.springer.com/article/10.1007/JHEP11(2017)003
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Angular coefficients
LHCb: 10 MeV based on eg correlated theory uncertainties from NNLOJET
ATLAS : 6 MeV uncertainty based on Z measurements of all Ai and on possible 
need for higher-order corrections relevant for A2-A0
CDF: 0 MeV (or negligible)

Effect below affects potentially central value but also uncertainty 
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Modelling of pTW/Z
CDF: use ResBos1 ~ o(as) + NLL   
ATLAS: use Pythia8 parton shower  ~ o(as) + NLL ?
LHCb: use Powheg/Pythia8 ~ o(as) + NLL
Today we have predictions at ~ o(as3) + N4LL’ !

A great pity that RESBOS2 
dropped out of the pTW/Z benchmarking
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LHCb: 11 MeV (variations of as and tune parameters within nominal MC)
ATLAS: 6 MeV (PYTHIA8 vs HERWIG, tune unc., heavy flavour decorrelation
between Z and W)
CDF:  1.8 Z + 1.3 W/Z (scale variations of DYqT constrained by uTW data)
Note: as mentioned already, reweighting ds/dpT to state-of-the-art is ok for 
lepton pT spectrum, but certainly not for hadronic recoil.

Is it kosher to constrain scale variation unc. on pTW/Z through anti-correlation 
with hadron recoil response parameters (no full simulation performed) ?

The impact of this approach can be seen clearly in the table above from CDF
suppl. material: as hadronic recoil becomes less and less relevant, from pTn to 
mT to pTl, the recoil scale uncertainty increases!
In addition, the scale variations from DYqT are not allowed to change the 
central value of the fit result?

Modelling of pTW/Z
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Control of pT
W modelling : u||

e, u||
µ

• The region u//l < -10 GeV is sensitive to the physics modelling of the 
soft part of the pTW spectrum

• With a total of e.g. ~ 0.8M W to µn decays, one can constrain modelling
uncertainties to ~ 10 MeV 
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Back-up slides
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Discussion of CDF measurement
Information is scant: hard to assess very small numbers below


