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What we mean by “precision”
A precision of 1 part 
in…

is equivalent to measuring to an accuracy of or roughly the relative precision to which we know or have 
confirmed

10 101 The height of a person one hand length various Higgs boson signal strengths;

100 102 The height of the tallest tree the height of a car lepton universality in rare B meson decays;
lepton universality in W boson decays;
the strong coupling constant;
the W boson width

1,000 103 The height of Mount Everest the height of a 
London double 
decker bus

the Higgs boson mass;
the Z boson width

10,000 104 The height of a basketball 
hoop

the width of a 
grain of sand

the W boson mass;
the free neutron lifetime

100,000 105 The width of a football goal the thickness of a 
piece of A4 paper

the Z boson mass;
Newton’s gravitational constant (G)

1,000,000 106 The distance from the Earth to 
the International Space Station

the length of a cat the muon lifetime;
the pion mass

10,000,000 107 The height a plane cruises at the width of a 
grain of sand

the experimental value of muon (𝑔 − 2)/2

10,000,000,000 1010 The width of the sun one hand length the fine structure constant;
the proton mass (but not in atomic mass units);
the electron mass

TODAY



William Barter (Imperial College London) Slide 3mW @ LHCb 16/12/21

Today’s Seminar
• The rewards of measuring the W boson mass
• How we can measure mW at the LHC
• LHCb: the detector, and why we want to use it to 

measure mW

• The first LHCb analysis (arxiv:2109.01113):
• Analysis strategy 
• Discussion of different systematic effects 

(experimental, theoretical)
• Our result and potential impact

• Where this programme goes next

All the technical detail!!
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W mass – status to date
• W mass is at heart of electroweak theory:

𝑚!
" 1 − $𝑚!
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(1 + Δ)

Where Δ includes higher order effects…
…and potential new physics contributions.

• Global EW fit provides prediction of W mass 
with 7 MeV precision.

• Hadron Collider measurements already available 
from ATLAS, CDF and D0, and contribution from 
CMS expected.
• Most precise measurements to date (ATLAS, 

CDF) achieve 19 MeV precision.
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W mass – status to date

• Precision of direct 
measurements limits 
interpretation of 
electroweak fit in terms of 
new physics.

• Improving our knowledge 
of the W boson mass is a 
major physics goal of the 
different LHC experiments.

GFitter Group, EPJC 78 (2018) 675 
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How to measure mW at the LHC

• Two main methods exploited at hadron colliders, considering 𝑊 → 𝑙𝜐 events.

1. Measure lepton pT distribution
• W boson mass sets location of the peak
• LHCb measurement makes use of this method, using muons.
• Main method at ATLAS – receives weight of 86% in overall ATLAS analysis.

2. Measure W boson mT distribution
• Different uncertainties dominate with this method.
• Not possible at LHCb – not a hermetic detector.



William Barter (Imperial College London) Slide 7mW @ LHCb 16/12/21

Muon pT distribution
• At leading order (no W pT) simple peak in muon pT distribution set by the W mass.
• We can fit the muon pT distribution with different W mass hypotheses, and 

determine the best fit to find the W boson mass.

• However, accurately measuring the W mass from the distribution requires careful 
understanding of higher order theoretical effects and the experimental 
environment.
• Have to account for small theoretical and systematic effects, and quantify 

uncertainties.

• (Most of the) rest of this talk: setting these effects out in ever more detail!



William Barter (Imperial College London) Slide 8mW @ LHCb 16/12/21

Muon pT distribution: theoretical ingredients
• Muon pT distribution:
• Depends on the W boson production 

model: how much pT does the W boson 
transfer to the final state particles?
• Depends on the angular distributions of W 

boson decays: what direction relative to 
the W boson does the muon travel in?
• Need to understand the partonic 

environment – parton distribution 
functions.

Plot From  Phys. Rev. D 96, 093005 (2017)
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Muon pT distribution: theoretical ingredients
• Muon pT distribution:
• Depends on the W boson production 

model: how much pT does the W boson 
transfer to the final state particles?
• Depends on the angular distributions of W 

boson decays: what direction relative to 
the W boson does the muon travel in?
• Need to understand the partonic 

environment – parton distribution 
functions.
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Muon pT distribution: experimental ingredients

• Crucial to understand the detector environment to a high degree of precision.

• Alignment effects particularly 
critical, since misalignments 
could shift the muon pT peak. 
• At LHCb, a 5 micron 

misalignment could cause a 
50 MeV bias in the W boson 
mass measurement.

• Other effects also important –
e.g. pT dependent efficiency 
would sculpt the distribution
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LHCb

• Designed for flavour physics – but also able to act as general purpose forward detector. 
• Overlap with ATLAS/CMS precision coverage in 2.0< η<2.5; unique precision coverage in 

2.5<η<5.

• Single arm spectrometer, fully instrumented in the forward region.

JINST 3 (2008) S08005
and Int. J. Mod. Phys. A 30, 1530022 (2015)

(very rough guide!)

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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LHCb Detector Output
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Excellent performance across a wide range of momenta!
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Why LHCb?

• LHCb has already delivered a strong programme 
of physics with W and Z bosons, mainly probing 
QCD.

• LHCb’s precision coverage of the forward region 
enables complementary studies to those possible 
at ATLAS and CMS.
• Though we are excited to see expanded use of 

forward coverage at ATLAS and CMS.

Full list of EW papers to date here

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html
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• LHCb provides unique information on the structure of the proton:

• Strong constraints on the most energetic quarks in the proton (at high x) –
improving our knowledge by a factor of 2.

• Key constraints on the charm quark content of the proton – place bound that 
‘intrinsic’ charm component of proton’s momentum is < 0.7%.

• New: tentative evidence for small intrinsic charm content of proton – seen in 
study of Z+c-jets. 

Aside – impact of these QCD studies
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mW: Why LHCb?
• The complementary forward coverage at 

LHCb is a significant advantage.
• PDF uncertainties are expected to be 

anti-correlated in any W boson mass 
measurement between the central and 
forward regions.

• A measurement from LHCb has the potential 
to contribute significantly in any LHC-wide 
average.
• The overall average is ultimately the 

quantity that matters.

See EPJC 75 (2015) 601

https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1
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Analysis Strategy - Dataset
• Choose to analyse a fraction of our 

overall dataset for this first analysis.

• Analyse the dataset collected in 2016.
• Corresponds to an integrated 

luminosity of 1.7 fb-1

• Initial proof of concept measurement, 
listen to community feedback while we 
continue to analyse full Run 2 dataset.
• Measurement presented here uses 

less than 30% of our Run 2 dataset.
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Analysis Strategy – Signal Selection
• Fiducial acceptance (2.2 < 𝜂 < 4.4)
• Signal muon responsible for event selection in trigger.
• Well reconstructed track associated with primary interaction. 
• Rejects HF decays

• Isolated muon candidate
• Rejects HF and hadronic backgrounds

• No additional high pT muon measured in LHCb in the event.
• Reduces background from Z boson decays.

• No use of recoil information – LHCb does not have 4𝜋 coverage.

• Select ~2.4M events in the fit window 28 < pT < 52 GeV.
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Analysis Strategy – Fit
• Seek to measure the W boson mass by fitting 

the q/pT spectrum of muons produced in W 
boson decays.
• Simultaneously fit 𝜙∗ distribution in Z boson 

events

• 𝜙∗ =
&'( '()*

+

)*+, ),
+

~ --
.

• Determined solely from final state muon 
directions – no momentum information 
needed.
• Allows additional control of QCD effects.
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Understanding the experimental environment
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LHCb PreliminaryStandard alignment

Alignment with Z sample

• Knowledge of detector 
alignment is crucial for providing 
accurate and precise 
measurements of particle 
momenta.

• Use 𝑍 → 𝜇𝜇 events to study 
detector alignment directly.

• Able to improve dimuon 
invariant mass resolution by 
~ 35%.

LHCb-FIGURE-2020-009

Improved alignment
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Understanding the experimental environment

!!
"

!!
# ~ 1

𝑚 ≈ 2𝑝"𝑝#(1 − cos 𝜃)

𝑚 ~𝑀" = 2𝑝"𝑝$"
𝑝#

𝑝$#
(1 − cos 𝜃)

𝑚 ~𝑀# = 2𝑝#𝑝$#
𝑝"

𝑝$"
(1 − cos 𝜃)

• We know that Z bosons are predominantly 
produced with little pT.
• Conservation of momentum 

⟹ muons in 𝑍 → 𝜇/𝜇0 events should 
have similar pT to each other.

• Can construct a proxy for the dimuon 
invariant mass using the momentum 
information of only one muon.
• Differences between 𝑀/ and 𝑀0 constrain 

charge dependent curvature biases and allow 
corrections to be mapped across the 
detector. 

WB, M. Pili, M. Vesterinen, EPJC 81 (2021) 251
Inspired by D0 use in PRD 91 (2015) 072002
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Understanding the experimental environment

WB, M. Pili, M. Vesterinen, EPJC 81 (2021) 251
Inspired by D0 use in PRD 91 (2015) 072002

• We know that Z bosons are predominantly 
produced with little pT.
• Conservation of momentum 

⟹ muons in 𝑍 → 𝜇/𝜇0 events should 
have similar pT to each other.

• Can construct a proxy for the dimuon 
invariant mass using the momentum 
information of only one muon.
• Differences between 𝑀/ and 𝑀0 constrain 

charge dependent curvature biases and allow 
corrections to be mapped across the 
detector. 
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Additional Muon Momentum Calibration
• Additional smearing of simulation to better model the J/𝜓, Υ(1S) and Z
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Additional Muon Momentum Calibration
• Uncertainties propagated through to mW measurement include:
• statistical uncertainties on the smearing parameters, 
• knowledge of resonance masses, 
• detector material budget,
• modelling of FSR, 
• reasonable variations of the smearing function.

• Contributes 7 MeV uncertainty on mW



William Barter (Imperial College London) Slide 24mW @ LHCb 16/12/21

Modelling the Selection
• Consider two main components of 

selection inefficiencies:
1. Muon reconstruction and detection 

requirements

Simulated events corrected for 
data/simulation differences using 
event-by-event weights.

Uncertainties propagated include 
statistical uncertainty on 
parameterisation, variations in 
binning, selection, and form of 
parameterisation. 
Contributes 6 MeV uncertainty on mW

Z data Υ(1S) data

pT dependent 
parameterisation

LHCb Trigger Efficiency
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Modelling the Selection
• Consider two main components of 

selection inefficiencies:
2. Isolation efficiency modelling

Efficiency strongly dependent on 
muon direction. Determine 
corrections to modelling using Z 
boson simulation.

Uncertainties include: Statistical 
uncertainty on corrections, binning 
scheme used for corrections, 
additional method details.
Contributes 4 MeV uncertainty on mW

Muon overlaps 
with recoil

Muon overlaps with 
underlying event
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Modelling Backgrounds

• Different backgrounds considered:
• Hadronic decay-in-flight

Parametric model fit to hadron 
sample in LHCb data, and then 
weighted for decay probability.

pT shape and charge asymmetry are 
fixed using data, but background 
fraction left free in W mass fit.

Contributes 2 MeV uncertainty on 
mW
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Modelling Backgrounds
• Different backgrounds considered:
• Z boson decays (with only one muon identified); 𝑊 → 𝜏𝜈 decays

Modelled using the same simulation as is used for the W boson signal.
Rates normalised to 𝑍 → 𝜇𝜇 events (both muons identified) and W → 𝜇𝜈 events 
respectively.

• Heavy Flavour decays and other rare backgrounds
HF contribution factor 10 lower in rate than the hadronic background.
Modelled using dedicated simulation. 

• Systematic variations considered include rate of these backgrounds relative to the 
𝑍 → 𝜇𝜇 process, and knowledge of branching fractions. Impact on the W boson mass 
from these variations is 1 MeV and smaller.
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Modelling Boson Production and Decay
• Vector boson production and decay can be modelled (at Born level) as:

• Accurate modelling of the W boson pT and the angular coefficients both crucial to 
the W mass measurement.

Image from here

https://arxiv.org/abs/1708.00008
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Modelling Boson pT
• Tuning and validation of different approaches using Z pT data 

Various different programs compared to 
LHCb data (using default settings).

Best description at low pT comes from 
DYTurbo.

What happens if we tune the value of 𝛼2
used along with non perturbative 
parameters (eg intrinsic kT carried by initial 
state partons)?
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Modelling Boson pT
• Tuning and validation of different approaches using Z pT data 

Best description of Z boson pT following tuning is from POWHEG-BOX 
interfaced with Pythia8 – this is our central model for the analysis.
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Modelling Boson pT
• Variations in intrinsic kT and 𝛼2

already demonstrated to have 
a different impact on the muon  
pT distribution to variations in 
the W mass.

• For the W boson mass fit, we 
float these QCD parameters.

• Can view these as ‘nuisance 
parameters’ that we float 
to absorb QCD effects.

1907.09958

±5𝜎 variations

https://arxiv.org/abs/1907.09958
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Modelling Boson pT – Data Challenges
• We test how well our default model performs by fitting pseudodata generated 

using other models.
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Modelling Boson pT – Data Challenges
• We test how well our default model performs by fitting pseudodata generated 

using other models.

Maximum bias seen in mW is about 10 MeV – rest of the differences in the QCD 
modelling are absorbed into the floating parameters in our model.



William Barter (Imperial College London) Slide 34mW @ LHCb 16/12/21

• We consider different programs for modelling W boson production:
• POWHEG+Pythia (NLO+PS) – default model
• POWHEG+Herwig (NLO+PS)
• Pythia (LO+PS)
• Herwig7 (NLO+PS)
• DYTurbo (NNLO+Resummation)

• Spread in final result from the different models of W production sets 
the uncertainty from the pT model.

Modelling Boson pT
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• Angular coefficients also crucial – set the relative amount of W pT carried by the 
muon.

• Angular coefficients set by various expectation values, e.g. 

• Our default model uses DYTurbo calculation of these coefficients at O(𝛼2"). 

Modelling the Angular Coefficients
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• Angular coefficients determined at fixed 
order in QCD.

• There is an uncertainty associated with 
higher order effects and degree to which 
perturbative calculation has converged by 
making the calculation at fixed order.

• Evaluate impact of these effects by varying 
factorisation and renormalisation scales.

Modelling the Angular Coefficients

Plot in LHCb Acceptance provided by R. Gauld
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Modelling the Angular Coefficients

• The angular coefficient A3 has particular, significant 
impact on muon pT in LHCb acceptance.
• Would contribute ~30 MeV uncertainty on W 

mass (using a conservative approach to scale 
variation following JHEP 11 (2017) 3).

https://link.springer.com/article/10.1007%2FJHEP11%282017%29003


William Barter (Imperial College London) Slide 38mW @ LHCb 16/12/21

• For the A3 coefficient, we therefore float 
an additional scale factor 𝑓67 in our fit 
for the W boson mass:
• Scale factor independent of pT, y, M.
• We use the data to constrain effects 

associated with the value of A3. 
• The scale factor compensates for 

global changes in A3 associated with 
scale variation that otherwise 
decrease the data/model 
agreement. 

Modelling the Angular Coefficients

Uncertainty on the W mass from knowledge of angular coefficients is about 10 MeV.

𝐴! 𝑝" , 𝑦,𝑀 → 𝑓#! × 𝐴! 𝑝" , 𝑦,𝑀
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Modelling the Production
• Consider three different global PDF sets
• NNPDF3.1, CT18, MSHT20
• None of these PDFs considered LHCb Run 2 data in the fits.

• PDF uncertainties for each set evaluated following prescription of different groups

• Central result determined from arithmetic mean of the three different PDFs, 
uncertainty calculated assuming 100% correlation of the different global sets.

11 MeV envelope of 
central values from the 
different PDF sets.
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Additional EW Effects
• Final State Radiation modelled using 

Photos, Pythia8 and Herwig7.
• Data exhibit little preference for one 

approach; take arithmetic mean of the 
three as central value, and envelope as 
uncertainty.
Contributes 7 MeV to uncertainty on mW

• Additional EW corrections studied using 
POWHEG EW – includes additional EW 
effects in the Hard Process Calculation.
• no significant difference observed 

with these corrections turned on/off:
5 MeV uncertainty assigned.
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Fit Result

𝜒$/dof = 105/102

𝜎stat = 23 MeV 
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Systematic Uncertainties

Average of NNPDF31, CT18, MSHT20

Envelope of 5 different models*

*This 11 MeV envelope is consistent 
with the 10 MeV spread observed in 

the data challenges.

Uncorrelated scale variation
Envelope of Photos, Pythia8, Herwig7

Tested with POWHEG ew

Determined from statistical variations,
modelling details, and dependence

on external inputs
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Crosschecks
1. 50:50 orthogonal splits in the data (in 𝜂 region, in azimuthal angle, in magnet polarity, in q ×

magnet polarity,…) give consistent W mass results between the two orthogonal splits.

2. Changes in the fit range give consistent and stable results.
3. Changes in the model freedom give consistent and stable results. 

For example, determining the QCD parameters for the W only using the W boson data induces 
a shift in the W mass below 1 MeV.

4. A W-like fit of the Z mass is consistent for the two muon charges, and is consistent with the 
PDG value.

5. Floating the W+ and W- mass difference yields a mass difference consistent with 0.

6. Additional tests including use of NNLO PDFs (instead of NLO) impact the W mass at the 1 MeV 
level.

7. …
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LHCb Result
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Future Prospects – (Naïve) LHC average
A full combination may take many years, but can combine with ATLAS measurement using BLUE and 
simplest approach: experimental uncertainties uncorrelated, and consider different assumptions for 
the correlation of theoretical and PDF uncertainties.

Reminder: we expect a 
negative PDF correlation 
between ATLAS and LHCb

EPJC 75 (2015) 601
X

X

X
LHCb

https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1
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Future Prospects – (Naïve) LHC average

LHCb

A full combination will take many years, but can combine with ATLAS measurement using BLUE and 
simplest approach: experimental uncertainties uncorrelated, and consider different assumptions for 
the correlation of theoretical and PDF uncertainties.
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Future Prospects – LHCb
• The overall precision achieved is ~32 MeV.
• Uses LHCb data collected in 2016, 

corresponding to roughly 1/3 of the LHCb 
Run 2 dataset.

• An overall precision < 20 MeV looks 
achievable with existing LHCb data.
• Analysis of the full Run 2 dataset is 

beginning, and will allow a statistical 
uncertainty of ~10 MeV.
• EPJC 79 (2019) 497 encourages a double 

differential fit in 𝜂 and q/pT to further 
constrain theory systematics.

https://epjc.epj.org/articles/epjc/abs/2019/06/10052_2019_Article_6997/10052_2019_Article_6997.html
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Future Prospects – LHCb
• Far more data to be collected in the 

future.
• LHC is roughly 10 years into a decades-

long programme.
• LHCb first upgrade will allow about 50 fb-1 

of data, still at (relatively) low pileup, with 
300 fb-1  available following the proposed 
second upgrade.
• In near future – using Run 3 data – we 

will target 10 - 15 MeV precision.
• Plenty of data to constrain 

experimental and theoretical 
systematics!

We are 
here!



William Barter (Imperial College London) Slide 49mW @ LHCb 16/12/21

Summary
• W mass measurement one of the most challenging and rewarding high precision 

measurements in the field.

• First measurement of the W boson mass at LHCb achieves a precision of ~32 MeV, 
using roughly 1/3 of the Run 2 dataset.

• An overall precision of ~20 MeV looks achievable with existing LHCb data from Run 
2, and plan to target 10 - 15 MeV precision using Run 3 data. 

• Measurement expected to provide significant impact on a LHC-wide average due to 
potential anti-correlation of PDF uncertainties, and reduced correlation of other 
theory uncertainties.

• Full paper available at arxiv:2109.01113 and submitted to JHEP.
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Backup Slides
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Precision instrumentation of forward region by LHCb means experiment also operates 
as a “General Purpose Forward Detector” in addition to performing key flavour
physics studies.

Central Detector
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Pseudomass corrections
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Smearing Model:
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Aside: perturbative convergence & scale variation

Plot and words by Gavin Salam



William Barter (Imperial College London) Slide 55mW @ LHCb 16/12/21

2

Non-perturbative parameter

Tuning on the Z boson pT
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JHEP 08 (2016) 159

JHEP 11 (2017) 3

https://link.springer.com/article/10.1007/JHEP08(2016)159
https://link.springer.com/article/10.1007%2FJHEP11%282017%29003
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Orthogonal datasets:
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Fit model freedom:
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ATLAS:

EPJC 78 (2018) 110

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5475-4
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New Physics Reach

J. Ellis et al., JHEP 03 (2015) 157

95% CL ranges
For individual 
coefficients 
and for multi-
coefficient fits


