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The LHCb Experiment in LHC’s Run 2

pcar HCAL Ma Ms

SPD/PS M3
RICH2 M M2

B Tracking

B ECAL
B Muon

Side View

(S2 81

-5 —4& -3 -2 -1 ¢ 1 ¢ 3§ 4
Pseudorapidity n

om/m = 2% at my,
o,/p = 1% at p = 300 GeV

el = 97% for ~1% m — p mis-ID prob.

o Detector in the forward region with excellent muon ID, momentum & vertex resolutions,

o Complimentary solid-angle coverage to ATLAS and CMS.
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Scientific Context

In the Standard Model:

W W1 Y . NP?..

o Can indirectly predict my,, m, in global EW fits with inputs from rest of the SM
parameters.

o Comparing with direct my,, m, measurements constrains new physics.
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Why LHCb?

o LHCb Run-2 data: 0(10) MeV statistical

uncertainty on my, (0(107) W - uv candidates), N -
S
+8380 45
o Historically-limiting PDF uncertainties expected E
to anti-correlate in a GPD-LHCb combination. ¢ 804
80.35
o Mostly designed for flavour physics, but with a 803
strong programme of probing vector boson
production.

o Full list of LHCb EW papers
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html
https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1

my, measurement with 2016 data
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How we measured my,

o W — uv gives a single, high-p,, isolated muon
(LHCb doesn’t reconstruct missing energy).

° my, sensitivity from p}., which peaks at ~ my, /2,
therefore we extract m;, in a template fit to the
muon q/pr distribution.

Normalised events per GeV™!

Ratio

> Need supreme understanding of important factors
that affect the p;. shape.
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“Experimental” modelling

selection efficiencies etc.

e.g. muon momentum scale & calibration, e.g. W cross-section predictions (unpolarised
detector misalignment, reconstruction & and angular distribution), QED FSR, PDFs etc.

“Theoretical” modelling
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https://link.springer.com/article/10.1007/JHEP01(2022)036

How we measured my,

“Experimental” modelling “Theoretical” modelling
e.g. muon momentum scale & calibration, e.g. W cross-section predictions (unpolarised
detector misalignment, and angular distribution), QED FSR, PDFs etc.
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https://link.springer.com/article/10.1007/JHEP01(2022)036

Momentum calibration

o Curvature biases (from imperfect tracker o Template shapes for the my, fit are corrected
alignment) are corrected with Z — uu decays via a stochastic smearing derived by
using the pseudomass method: comparing m, s, My(15y and my in MC to
data:
+ + Pt
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Inspired by PRD 91, 072002 (2015)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.072002
https://link.springer.com/article/10.1140/epjc/s10052-021-09016-9
https://link.springer.com/article/10.1007/JHEP01(2022)036
https://iopscience.iop.org/article/10.1088/1748-0221/19/03/P03010

Angular coefficients

At the Born level ag 3 _do™™ Unpolarised ti
% — % npolarised Cross-section
(before QED FSR): dpr dydMdcosfd¢y 167 dprdydM 1
{(1+ cos®0) + Ap=(1 — 3cos® ) + A; sin 26 cos ¢
Angular terms 1 2
g‘gief?lgrelrg&lsli " + A 5 sin? @ cos 2¢ +| A3 sin 0 cos ¢|+ A4 cos §
__+ Assin®0sin2¢ + Agsin 26 sin ¢ + A sinfsin ¢}
JHEP 01 (2022) 036
60 [~ W i ' ' ' w0 ] .
fitregion | LHCb simulation | fit region | 2016 measurement strategy:
' (s =13 TeV | |
40 A, scaling o A; predictions from DYTurbo at O(a?).
—0.97

— 103 o Floated a scale factor in the fit to absorb

the (dominating) uncertainty on the A,
prediction.

20

Normalised events per GeV'!

2 1'051 | ‘LH\\ ' o Conservative uncertainty treatment
< s - | (from JHEP 11(2017) 003) with

uncorrelated scale variations - 10 MeV.
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https://doi.org/10.1007/JHEP11(2017)003
https://link.springer.com/article/10.1007/JHEP01(2022)036

Physics modelling: g#"P°!
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do unpol
dp¥.dyd M

Unpolarised cross-
section

(e]

POWHEG-Box + Pythia8
was our central model.

(e]

Previous m,, measurements
rely on tuning to p4. Does
this tune hold for py¥'?
Variations in ag and k4"
affect p}. differently to
variations in my,.

—> Floated these QCD
parameters in a simultaneous
fitto W q/p} and Z ¢*.
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https://arxiv.org/abs/1907.09958

PDFs and QED FSR uncertainties

o Treated PDFs from NNPDF3.1, CT18 and MSHT20 equally, and their uncertainties
as fully-correlated:

my, = 2 [y, (NNPDF) + my, (CTEQ) + my, (MSHT)],
Amyy (PDF) = - [Amyy, (NNPDF) + Amy, (CTEQ) + Amyy, (MSHT)].

Set OpDF base [ M€V | 0ppra, [MeV | oppr [MeV ]
NNPDF3.1 8.3 2.4 8.6

CT18 11.5 1.4 11.6
MSHT?20 6.5 2 6.8

o No preference for FSR between Pythia, Herwig and Photos; used average with a 7
MeV uncertainty envelope,

o Higher-order EW corrections tested with POWHEG-ew - 5 MeV uncertainty.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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https://link.springer.com/article/10.1140/epjc/s10052-017-5199-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.014013
https://link.springer.com/article/10.1140/epjc/s10052-021-09057-0

The 2016 fit result
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0.3508 = 0.0005
0.0146 = 0.0007
0.1243 £+ 0.0004
0.1263 += 0.0003
1.57 &+ 0.14 GeV
0.975 &= 0.026

Ross Hunter, University of Warwick

x%/ndf = 105/102
O-stat — 23 MeV
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https://link.springer.com/article/10.1007/JHEP01(2022)036

The 2016 result

o Taking the arithmetic average of results with NNPDFEF31, CT18 and MSHT20:

CMS arXiv:2412.13872
| | | T | T |

E| K 1 my in MeV

ectroweak fit
PRD 110 (2024) 030001 I” 80353 +6
LEP combination | o376 + 33 : .
Phys. Rep. 532 (2013) 119
DO 80375 + 23
PRL 108 (2012) 151804 * ]
CDF 80433.5 + 9.4
Science 376 (2022) 6589 DY —e—i
LHCb 80354 + 32 | b :
JHEP 01 (2022) 036
ATLAS 80366.5 + 15.9 1
arXiv:2403.15085
CMS 80360.2 + 9.9 1
This work

|

l | l l | l |
80300 80350 0400 80450
my (MeV)

m,, = 80354 + 2344 + 100y, + 174pcory = 9ppr MeV = 80354 + 32 MeV
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https://link.springer.com/article/10.1140/epjc/s10052-017-5199-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.014013
https://link.springer.com/article/10.1140/epjc/s10052-021-09057-0
https://arxiv.org/abs/2412.13872

Combination with other results
EPJC 84 451 (2024) (before latest CMS & ATLAS m,, measurements)

o PDF uncertainty anticorrelation present as
foreseen:

Tevatron

LHCb

ATLAS W~

ATLAS W~

ATLAS W’ ATLAS W' LHCb Tevatron

o But difficult to make a meaningful cross-
experiment average of incompatible results.
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https://link.springer.com/article/10.1140/epjc/s10052-024-12532-z

m, measurement with 2016 data
arxXiv:2505.15582, submitted to PRL

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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https://arxiv.org/abs/2505.15582

Status of m, measurements

o Like my,, m, can be indirectly determined in a global
EW fit:

my o = 91204.7 + 8.8 MeV,

o Experimental measurements:

miEP = 91187.6 + 2.1 MeV,

mSsPF = 91192.3 + 7.1 MeV,

msMS —mbP¢ = —2.2 + 4.8 MeV

“Since J/ vs Z closure was used to tune calibration and
enters the uncertainty model, not (yet) a fully independent
measurement for inclusion in world average”

o No dedicated LHC measurement of m, yet!

GDR QCD my,, 30/06/25

PRD 106 (2022) 033003
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.033003

m, 1n the context of my,

LHCb m;, measurement relied heavily on calibrating to the Z.

> Do we sufficiently understand the Z?
o Do we sufficiently understand our momentum measurement?
o Experimentally, are muons from Zs sufficiently like muons from Ws?

A measurement of m, would shed some light on these important questions.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick

17



m, momentum calibration (1)

Revisited our momentum bias / smearing function:
o Added an energy loss term (p — p + ) to momentum bias / smearing function,

o Introduced a direction (n/¢)-dependent momentum scale correction:

arxXiv:2505.15582

6 0.0015 B ESREN BN ISR NI LN BE L | | i
& S LHCb 1.7 fb-! {
© 0.0010 i , Simulation il
o Extracted from Y(1S) lineshapes in data ~ § * ; :
/ MC in each bin: £ 00005 * .
g X by i
o Corrected MC to match data. S 00000k § - % P 4 } ¥
B b
, o -0.0005 | .
> Also corrected time-dependent shifts in X i
Y(1S) mass from PDG in the data*. ! i
~0.0010 | b

-0.0015 : | YT TN TN (NN ST TN NN TN TN S NN TN T S N ST T S S S | |

0 2 - 6 8 10 12 14
(n, ¢) interval

*mW 2016 had this too.
GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick 18


https://arxiv.org/abs/2505.15582

m, momentum calibration (2)

o Alignment: still used the pseudomass method with Z — uu;
o Checked that shifting Am¥¢ = +£100 MeV — 300 keV bias in m, measurement,

o Momentum smearing performed only with Y(15):

Candidates / (0.0042 GeV)
3 o 4
9} 9] D) |9}

o
W
S

0.00 =

arxXiv:2505.15582

o
S

0.25 F

x10°
:I T l T T T T ]

- ¢ Data

[ —— With smearing

- Without smearing
Background

I T -
LHCb 1.7 fb~! ]
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95 9.6

Dimuon mass [GeV]

Momentum scale (—0.65 + 0.16)
x10~4
Momentum-independent (1.98 + 0.07)x1073

smearing (multiple scattering)

Momentum-dependent smearing (0.147 £+ 0.009)
(curvature resolution) /TeV

Smearing params partially anticorrelated
without constraint from Z — have to float a
multiplicative factor in m, fit.

Ross Hunter, University of Warwick 19


https://arxiv.org/abs/2505.15582

Dimuon mass templates

° Generated m,, templates with different m; hypotheses:
o Input scheme: (im,, my,, Gg).

o Template model: special version of POWHEG-Box (EPJC 73 (2013) 6).

o NLO QCD + QED corrections,
o Exact computation of first photon emission (ISR, FSR and their interference).

q (-
o Additional FSR modelled with PHOTOS.
o Pythia taken as a systematic.
Z[~v* ¥ |
o Used NNPDF3.0 as central PDF set, with envelope er
including CT18 and MSHT20 as an uncertainty. !
q

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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https://inspirehep.net/literature/1220256

Fit for m,

arxXiv:2505.15582
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GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick 21


https://arxiv.org/abs/2505.15582

Uncertainty breakdown

Momentum scale and resolution modelling | 3.6

QED corrections 0.8
Parton distribution functions 0.7
Muon ID, trigger and tracking efficiency 0.1
Statistical 8.5
Total 9.5

o Much less sensitive to boson production kinematics than mW,
o Use NNPDF3.1 for central result, consider MSHT20 and CT18 for uncertainty,

> No systematics due to suppressed or modelling significant backgrounds (there are
none),

o Statistically limited, with momentum measurement the only significant systematic.

Also made a variety of cross-checks on the consistency of the result (backup).

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick 22



Result

arxiv:2505.15582

—— Total uncertainty
Statistical uncertainty

LEP combination

Phys. Rept. 427 (2006) 257

CDF

Science 376 (2022) 170

Measurements

Direct

LHCb

LHCb-PAPER-2025-008

Electroweak fit (J. de Blas et al.)

PRD 106 (2022) 033003

Indirect
\© Determinations

11 1 1 l 11 1 1 l | 11 | l [ [ l | | l | I I | l | I I |

1150 91160 91170 91180 911 91200 91210 91220
m, [MeV]

my = 91184.2 + 8.5, + 3.8, MeV =91184.2 + 9.3 MeV

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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https://arxiv.org/abs/2505.15582

Towards a full-Run-2 m,, measurement

« 2016 -> 2016-18,
« ~3x more data,
« Targeting 20 MeV uncertainty.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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Uncertainty breakdown in 2016 measurement

Parton distribution functions
Theory (excl. PDFs) Total
Transverse momentum model
Angular Coefficients
QED FSR model
Additional electroweak corrections

Experimental Total

JHEP 01 (2022) 036

17
11
10

10

Momentum scale and resolution modelling 7

Muon ID, trigger and tracking efficiency
Isolation efficiency
QCD background

Statistical

Total

GDR QCD my,, 30/06/25

23
32

Amy, (syst) < Am,,(stat),

PDF uncertainty was not limiting,

Good control over experimental

sources of uncertainty (all individually
< 7 MeV),

Limited by uncertainties related to
theoretical inputs.

How will this evolve in our next
measurement?

Ross Hunter, University of Warwick
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https://link.springer.com/article/10.1007/JHEP01(2022)036

ALL PROJECTIONS ARE

Experimental uncertainties VERY PRELIMINARY

o Systematic uncertainties originated
from
o Control sample size,

o Details of the methods (binnings,
smoothing, choice of parametrisation

etc.),
o External inputs (Y(1S) mass).

o Expected to reduce as the data sample

grows.
Experimental Total 10->7

Momentum scale and resolution modelling 7 ->5 . ..
o Work ongoing on gaining deeper
Muon ID, trigger and tracking efficiency 6->4 understanding and
simplifying/consolidating if possible.
> my enabled improvements in our
QCD background 2->2 momentum resolution modelling.

Isolation efficiency 4->3

o These should not become limiting
uncertainties.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick 26



PDF uncertainties

Parton distribution functions

GDR QCD my,, 30/06/25

9->9 o Not a showstopper to get to Am,, =
20MeV,

o Analysis framework set-up to quickly
integrate new PDF sets.

o Observed strong anti-correlation in a
LHC combination.

o Conservatively project it stays at 9
MeV.

Ross Hunter, University of Warwick

ALL PROJECTIONS ARE
VERY PRELIMINARY
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ALL PROJECTIONS ARE

Boson DTt mOdel uncertainty VERY PRELIMINARY

> 2016 uncertainty based on the envelope of fits using p¥ predictions from:
o POWHEG (NLO)+Pythia (LL) (default),
o Herwig (NLO),
o POWHEG+Herwig,
o Pythia (LO) with two different PDF sets.

o NNLO + NNLL QCD predictions are available e.g. from DYTurbo. Tentatively project a
reduction to a ~6 MeV uncertainty from scale variations.

%10° JHEP 01 (2022) 036 arxXiv:2103.04974 -
5 Fitregion |  LHCb 2 13TeV, pp — Ziy* —I1, p| > 25 GeV, In| < 2.5
[ E After fit 1.7 fb! ) 60— my2<p, Km,2Q<2m;12<p /., 1n/Q p/Q<2
! er . o
% I t Data = i
O 10k - POWHEGPYTHIA (ref.) o N NLL+NLO resummed
) ' HERWIG LTy = I NNLL+NNLO resummed
& ' 2 - 3 3
2 POWHEGHERWIG _8 | f\ P N°LL+N°LO resummed
§ PYTHIACTO9MCS o/ B
@ 3f PYTHIANNPDF31 1 201/ S
DYTURBO :
0 o 0 20 v o S92 0 o g R %5 | 1
uq-'). 14 " = 3
o 1.2} 2,
£ 08} o F 1
2 0-6(; 10 20 3IO 40 50 60 70 80 90 1;)0 -‘é . @ 18 15 20 25 7
B q, [GeV]

p% [GeV]
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https://arxiv.org/pdf/2103.04974
https://link.springer.com/article/10.1007/JHEP01(2022)036

ALL PROJECTIONS ARE

Ai & EW uncertainties VERY PRELIMINARY
Theory (excl. PDFs) Total 17 ->8
Transverse momentum model 11->6 / Conservative 21-point — more realistic
Angular Coefficients 10> 4 7-point variation in DYTurbo,
QED FSR model 7->4

. , T Vary the key scales / details in 1 FSR
Additional electroweak corrections 5->~0 generator, rather than takin o envel ope

of 3 generators,

> Go from LO - NLO EW by default.
o (This syst. was based on LO — NLO)

o Your input on this is very welcome.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick 29



Tentative projections

Parton distribution functions
Theory (excl. PDFs) Total
Transverse momentum model
Angular Coefficients
QED FSR model
Additional EW corrections
Experimental Total
Momentum scale and resolution modelling
Muon ID, trigger and tracking efficiency
Isolation efficiency
QCD background
Statistical

Total

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick

17
11
10

10
7

23
32

ALL PROJECTIONS ARE
VERY PRELIMINARY
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Tentative projections

Parton distribution functions 9
Theory (excl. PDFs) Total 17
Transverse momentum model 11

Angular Coefficients

QED FSR model

Additional EW corrections

Muok¥ 6

Isolati 4

QCD background 2
Statistical 23
Total 32

Ross Hunter, University of Warwick

ALL PROJECTIONS ARE
VERY PRELIMINARY
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A different approach: measure —; ?

LHCb-PAPER-2025-031 (in preparation)

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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Limitations of reco-level m;, measurement

o Previous m;,, measurements fit 22, " %7 at the
T

reco. level. x10° | | | JHEP 01 (2022) 036
W : LHCb W* :
150 fitregion | 17 b Iflt region |
. . . . . n : : { Data ’ | !
o Requires fully-calibrated simulation to fit > Y
data, 2 100} ;.
g wu
é - W — v
O .
o Theoretical model deeply baked into the g 0 B Light hadrons
analysis, Rare backgrounds
0
- i; o : Model uncertainty
> Got a new theory model? You have to give it T ] b et T T e iy
to us and ask to re-run the analysis for you, 8 08}
0.6t

004 003 002 00l 0 00l 002 003 004
Muon ¢g/py [1/GeV]

o It would be much simpler to measure di%
T
first, then extract m;, separately.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick 33
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W cross sections at LHCb

. . do .
> Previous W cross sections have used — and assumed a signal shape to subtract background,

and produced e.g. % :

pr

JHEP 12 (2014) 079

JHEP 01 (2016) 155

© ' i £ - — 1000 LS B R i = T
% LHCb ].l+ E ® Data .K/n—)MV IJ "'E‘_ %’WWQ LHCb, Vs=8 TeV 3
3 () — Fit Bz- S 800 PELLLL: : Data, (W) o CT14  —]
= D [(Wow [wowezon o N bdspdl Data,, (W') & MMHT14 N
E .Hcavy Flavour ;_ 600 = gogt0? .Da[asmz W) v NNPDF30—:
g g : P SN : QAY§DQ Da[al“l (W) © CTIO :
LI>J -8 400 —_ R QA0 ° ABMIZ __"
- S— > HERA15 -
200 — O Ay ¢ O ¢ ]
[ p4>20GeV/c =
s whE N SRS RPN WP WUPUSINP S ENPRRPIRE TR bt A S
g Og Enyona°°‘7°n°oéqénQOAVQGQ‘MY*M‘MY*M b b . P ¥o E
\b TR T -t it =_ +———+—]
8 ().$l) = 1 1 1 1:- =
-
= 2 2:5 3 3.6 4 4.5
20<n" <45 p. [GeV/c] n
o Can we background-subtract in another dimension that is less theory-dependent?
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W cross sections at LHCb

. . do .
> Previous W cross sections have used o and assumed a signal shape to subtract background,
T

and produced e.g. % :

JHEP 12 (2014) 079 JHEP 01 (2016) 155
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\b I . o S s p 5 ]
§ WE . . , - -
= 2 2:0 3 3:5 4 4.5
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o Can we background-subtract in another dimension that is less theory-dependent?
— Muon isolation*.

“Yptof neutral and charged particles within cone of AR = \/(An)2 + (A¢)? < 0.5 around the signal (muon)

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick 35


https://link.springer.com/article/10.1007/JHEP01(2016)155
https://arxiv.org/pdf/1408.4354

Strategy of do/(dp; ) measurement

1. In many bins of p%, fit isolation I# with fully-simulated templates to extract the bare-level,
efficiency-corrected N(W — uv) (correcting for bin migration and finite template statistics in
the fit),

2. Translate to do/(dp} ) with bin width & luminosity,
3. Compare integrated cross sections to predictions with different PDFs,
4. Fit do/(dpy) with a semi-arbitrary model to make an my, measurement,

o Start with our 2017 5TeV dataset (~100pb-1, Amy, (stat) =~ 100MeV) to prove the principle.
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Strategy of do/(dp; ) measurement

4. Fit do/(dp}) with a semi-arbitrary model to make an m,, measurement,

o This step could be done by any theorist with a new model once our measurement is published.
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Calibrations and corrections

Corrections to data:

o Charge-dependent curvature bias (pseudomass correction).

Corrections to simulation:

o Momentum scaling & smearing,
o Isolation calibration (signal and hadronic background),
o Efficiency corrections.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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Calibrations and corrections

Corrections to data:

- Same method as 2016
myy,

Corrections to simulation:

- Same method as 2016 my,,, m,
o Isolation calibration (signal and hadronic background), - NEW!
- Same method as 2016 my,, m,

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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* No 5TeV sample, had to use 13TeV

Isolation calibration

o 7Z — uu MC compared to data to derive a o Anti-muonID sample* provides control
scaling factor: sample of hadronic background.
I* - kI*, o Fit MC (+some signal contamination) to data

for a charge-dependent scaling factor:
I* - (C + qd) I,
with € = 0.83 + 0.013,5 = 0.048 + 0.013.
LHCb, 1.7 fb~!, V5 =13 TeV

with k = 0.926 + 0.018.

LHCb, 100 pb~!, Vs =5.02 TeV
— 1 & ¢ t J ¢ & & |

> L N | Zua000f" "~ 0 T 0 T -
3 F Data 10 _ Electroweak - : Uncalibrated i
= 2000 Signal = 12000 Prompt hadrons <+ Data ]
> 1 Calibrated = - [ Calibrated ety o —_— ]
2 oo ¢ Uncalibrated b [ _ ]
-g ) . - % IOOOO L Beeeasessnened : . X -
-5 1500 |- LHCb Preliminary - :5 B LHCD Preliminary|
§ LHCb-PAPER-2025-031 (in preparation) é)% 3000 £ LHCb-PAPER-2025-031 (in preparation)|
K00 : 1 6000F ]
I 4000 | .
500 - g a i ]
2000 [ ]
O [ 1 1 1 | 1 1 1 | 1 1 1 L i ! | O [ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

0 2 4 6 8 0 2 4 6 8

Isolation [GeV] Isolation [GeV]
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Differential CIroSS SECtiOn flt LHCh-PAPER-2025-031 (in preparation)

o 12 bins of pr, 8 bins of isolation in each; 0 < I* < 8 GeV, 28 < p; < 52 GeV,

> do/(dp}) and hadronic background yield floats:

LHCb, 100 pb~!, V5 =5.02 TeV 8 I bins LHCb, 100 pb-, v5 =5.02 TeV
% | | | | | | | | | | | | ] % '
&3 2000 | data 4 O 1500 F | data d
—_ BN electroweak ) i BN electroweak
= I S heavy flavour 3 W heavy flavour
2 [ 8/ bins | B hodrons ] 812501 W hadrons g
% 1500 - — N Wo vy, 5 g 000 i W uv, :
= - LHCb Preliminary 5 B LHCD Preliminary -
&) i M : M
1000 | W™ 1 as0F w=
_ 500 F E
500 | B
[ 250 -
0 0O 8 16 24 32 40 48 56 64 72 80 88 0O 8 16 24 32 40 48 56 64 72 80 88
Interval of pr and isolation - . Interval of pr and isolation
prbinl  prbin4 prbinl  prbin4
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Response matrix & statistical correlation

LHCb-PAPER-2025-031 (in preparation)

o Integrating over isolation. Largely diagonal = - Statistical correlation matrix :
due to excellent p resolution:

LHCb Simulation 1.0 LHICb, 109 pb~!, :/_ =5.02 TeV
I I I Ll T T T 1 1 1 1 1 1 1 1 I 1 L] T

52

"_‘52 LY [ L L O T R EaL ) (IR T
% [ g % - W+
S f wr “ubl R
=48 [ . i 0.8 =48 LHCb Preliminary
e LHCD Preliminary . ] S|
Q e L
o 1 Wos ¥
%40 . i
5 ] W
& H =04
36 B = 36 i
“» - | 05
- - N 0.2 i .
32 [ . i 32 \
282-6..30."3141”318”14121114161“510l“54 oo os ML 1.0
True pr [GeV] 28 32 36 40 44 48 52

o (N.B. Efficiency in each true p; bin is the sum
of all rows in that column)
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Systematic uncertainties

LHCb-PAPER-2025-031 (in preparation)

o Similar sources to my, 2016 analysis. Larger pseudomass systematic due to smaller control

sample size (but anti-correlated between W+ /W ™).
o (Details of uncertainties in backup/ feel free to ask)

Relative uncertainties (grouped)

L L ELTLE L U IS
Total
Hadronic background
Isolation
Muon efficiency
Charge independent
momentum biases
Charge dependent
momentum biases
Unfolding

o0
T I:

|
. LHCb Preliminary
|l

(o))
T
BV A D>a0

Relative uncertainty (%)
N
T I L) L) [ ]

[\
T T T T

|
ILHCb, 100 pb~!, V's =5.02 TeV
T I [rrr[rrr[rrr[rrr[rrrrrr

ol " : .=
11 [l e | 11 1 [ bl ) | L1 1 IIIIIIiIIIIIIII 111 IIIIIIIIIIII
0O 2 4 6 8 10 ,12 14 16 18 20 22
I Interval of pt and charge
I
Wt w-
|

o All a theorist needs to fit m;, is a model of choice!
> Very easy to add this to a cross-experiment combination!
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Total systematic correlation matrix
LHCb, 100 pb~!, 5 =5.02 TeV

Interyal of pt and charge
Wiw-
|
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my,, measurement details

> Now have (da")/(dp}) at the truth level -> fit with a model to obtain my,

> Input to this fit: just 24 (de™)/(dp}) values and a 24x24 covariance matrix - super
compact,

o Model: LO Pythia, reweighted to DYTurbo (NNLO + NNLL unpolarised, NLO angular
terms), for different m,,, hypotheses,
o (but now it could be whatever generator / prediction you want...)

o Like my, 2016, need to tune model QCD parameters to obtain a good description. Do it in
the fit, and from comparison to published 5 TeV (da?)/(dpk).
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Fit to published (do?) / (dp;‘ )

LHCb, 100 pb~!, Vs =5.02 TeV
AR RN EE RN RN R

S 35 ' ' O JHEP 02 (2024) 070
3 : [ prefit 1
S 30k (1 postfit
e v * ¢ Data ] ,
§|~§*2 5 _ LHCb Preliminary _ Z it
; minimum 10.3029
20F i _
e } ] ag value  0.1120
1.5F . ag error  0.0056
B l ‘ E g value 1.9517
$ g error 0.4863
0.5F .
0.0 [, PR T T SN [N T TN T T [N ST T Y T [N S TN ST S NN S ST ST S NN S SO ST T Y ST SO L]
0 D 10 15 20 23 30 39
pr [GeV]

> Following theorist recommendations, use this value of a, in the fit for my,.
o Fit g separately in fit for my,.
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Fit to (dO_W)/(dp’Il,f) for mW LHCb-PAPER-2025-031 (in preparation)

LHCb, 100 pb~!, Vs =5.02 TeV LHCb, 100 pb~!, Vs =5.02 TeV
el A BAANRAAN LR RARS RARE RRAE RERN LR RARE RRRE RRRY RARS b= My GO Ve 8 Foe] A0 [aX T[[0 TaF [lsb B [jV Tebe] Valak [0 Todc] ey [phd T, tov [0
> s > i }
&) i W+ Q 15._ .............. 1. d .............. W~ A
é 20 "_4:_ LHCb Preliminary 'i- S L. LHCb Preliminary
s o L
15:_ AAAAAAAAAA _.+__ =] 10_ ....... —
:
101 e i
- |1 Fitresult 1 P T @002
L [L_1 mw + 500 MeV I dile== n
5 —_ .................... My — 500 MCV __ ..................... : my — 500 e <y
|t Dat $ Data
o) R U PN Y P PN Y PP P BN IO R O 0 T T T T R T e
28 30 32 34 36 38 40 42 44 46 48 50 52 78 30 32 34 36 38 40 42 44 46 48 50 52
pr [GeV] pr [GeV]

o This fit uses NNPDF3.1 (semi-arbitrary), central result is again a simple average of
central values from NNPDF3.1, CT18 and MSHT?20.
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my, measurement

| m,, = 80371 + 130,y * 32 (theory) M€V = 80371 + 134 MeV

(¢]

Experimental uncertainty = all uncertainties on (do")/(dp% ) (included stats.),

(¢]

Theory systematics on ag, 7-point QCD scale variation, FSR model and PDF uncertainties,

(¢]

First analysis to measure (da")/(dp}) at a hadron collider,

(¢]

Proof-of-principle with 5.02 TeV dataset,

(¢]

Same method on 2017+18 13TeV data gives a ~12 MeV statistical uncertainty!
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Summary and outlook

o Pathfinder: reco-level m;, measurement with 2016 13TeV data,
o 32 MeV uncertainty, statistically-limited, SM compatible.

(¢]

Combination with ATLAS/CMS shows the expected PDF uncertainty cancellation in my,.

(¢]

First dedicated m, measurement from LHC (2016 13TeV data).
o 9 MeV uncertainty, statistically-limited, SM compatible,
o Gave us a deeper understanding of LHCb’s momentum response.

(¢]

Full Run-2 13TeV updates are ongoing, targeting 20 MeV uncertainty on my,.

(¢]

(NEW!) m;, measurement from (da")/(dp}) with 2017 5.02TeV data.

o Proof-of-principle first measurement of its kind,
o Method being explored for 13TeV datasets.

o

Run-3 o (W — uv) is not far away - lays foundations on our new dataset.
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Thank you for your attention.
Any questions?

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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Backup

GDR QCD my,, 30/06/25

Ross Hunter, University of Warwick
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Beyond Run 2

> 2016 analysis had 1.7 fb-!. Further approx. 4 fb-! of Run-2 data to add. Runs 3-4 are aiming for ~50 fb".

Run 1 Run 2 Run 3 Run 4 Run 5
— 16~
I = 350+
e 14F = o 2 &3 o Amy, (stat) = 23MeV,
o = - - -l - 300 — 2016
o 12 4 2 Amy, (total) = 32 MeV
o = actual 44250 &
= 10 :—' — — ex:wcted s R :7 g
2 o | (- expected with improved LHC optics at Run 5 ':' 200 £
] = ~ 2 ~
2 oE- 5 7 153 Run 2 Amy, (stat) = 14 MeV,
E F ; © Amy, (total) ~ 20 MeV
3 4F 7 100 §
> - XS 4 3]
o 2F e oo _:;\—-’«'_ 50
“ oE . A (stat) ~ 5 MeV
0 ...... P . . - . 01 ., . . - 0 . . . . § o mW ~
2010 201 20 202 2030 20 2040 Run 3-4
. e 2 Yeir > = o Amyy, (total) < 10 MeV??
S —---
Upgrade | Upgrade I

o Experimental uncertainties will reduce with more understanding, the improved LHCb Upgrade-I
detector, and larger control samples.

o 2024 W — uv cross section analysis entering final stages.

o Uncertainties from the Drell-Yan physics modelling, PDFs and QED final-state radiation will continue to
limit us - collaboration will be needed with the theory community.
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mW 2016 uncertainty breakdown

Source Size [MeV]

Parton distribution functions | 9.0

Average of NNPDF31, CT18, MSHT20

Envelope from five different models

Uncorrelated scale variation

Envelope of Pythia8, Photos and Herwig7

Tested with POWHEGew

Theory (excl. PDFs) Total 17
Transverse momentum model 11
Angular Coefficients 10
QED FSR model 7
Additional electroweak corrections 5

Experimental Total 10

Momentum scale and resolution modelling | 7

Muon ID, trigger and tracking efficiency 6

Includes statistical uncertainties,
details of the methods (e.g. binning,
smoothing) and dependence on
external inputs.

Isolation efficiency 4
QCD background 2
Statistical 23
Total 32
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mW 2016 signal selection

in acceptance (p} > 25 GeV); rejects Z — uu,

o Signal muon is , and required to

>

o Muon candidate is ; rejects heavy flavour & decay-in-flight backgrounds.

This selects 2.4M events in the fit window 28 < ph < 52 GeV, 2.2 <7 < 4.4.

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick
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QED Final State Radiation (mW 2016)

o Different FSR predictions mimicked by reweighting in AE/E,

> No preference between predictions from Pythia, Herwig and Photos — weights from the
average,

JHEP 01 (2022) 036

l T T T + T T T : l F _
— I LHCDb simulation ] |[ LHCDb simulation
o~ \/EZISTCV ] qf)‘ ] | \/E:l3TeV
.“E’ 10-1 | 1 3= 107! F
5 I | 2 {
3 = D 102
9} -2 b IO 2k [——
= 10 | Z—-uu = | Wouv
= . | — PYTHIA g . | — PYTHIA
2 10— | — HER\VIG Z IO Tk | — HER“’IG
| —— PHOTOS | —— PHOTOS
107 l 10~ |
I I
o 12} | ll:_\_ o 12 |
T S N —— 5 1y S —— e
0.8} | | -
AE<10® —6-55-5-45-4-35-3-25-2-15-1-05 0 AE<10® —6-55-5-45-4-35-3-25-2-15-1-05 0
log,(AE/E) log,(AE/E)

o Uncertainty from the envelope of fits with each —» 7 MeV uncertainty.
o Higher-order EW corrections tested with POWHEG-ew - 5 MeV uncertainty.
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Treatment of backgrounds (mW 2016)

o Electroweak backgrounds constrained with Z — upu.

- Remaining decay-in-flight hadronic background (10x heavy flavour) modelled with a
parametric shape, trained on a hadron-enriched data sample:
JHEP 01 (2022) 036

E Data LHCb

— Fit model
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Reconstruction & selection efficiencies

Each muon is well-reconstructed & identified, fires relevant triggers and is isolated.

N ]S

Esim (pTr n, (,b ) — gdata(pT»n (.b

Simulation corrected with event weights w(pr, 1, ¢, ...) = €44ta/Esim @10, G, -v)

JHEP 01 (2022) 036

. o o . . 65k T T ' ' 1 ' _' o _ 3
Reco, ID & trlgger effl(:1enC1eS. 6 _f___l_(_)__é!'_él_'Qf_U_f__S_(_)_O _____ %H?P__l_j__f:l?_____________J.F_f_g_f__??{_z__é
55 =9, 412<n<440 i--:;:j __________________ ;-j:_
i=8,385<n<4.12

. 5 __Z _____________ 1] _______________ P --_-__.__'__'_____.__________________-_______. ________

> Tag & probe method with Z - uu S, ilizroass<gedss o T
and Y(1S) — up gives 5m & €qata- T i=6.330< <358 e

o 35 [i=5.302<m<330 . | e

Y RlEA2IS<n<3 e

> Weights from fit to efficiency ratio as & , 5 i=3.248 _<__’]_§_2_7_§____=____=,= ____________________________ e

function of p, binned in n and ¢.

7 - uu l/py [1/GeV] Y(1S) = uu
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Reconstruction & selection efficiencies

N

Esim (pTr n, (:b

Simulation corrected with event weights w(p, 1, ¢, ...

Each muon is well-reconstructed & identified, fires relevant triggers and is isolated.

o

) - gdata(pT»n ¢

) = gdata/gsim (pT' n, ¢; )

Isolation efficiencies:

o Tag & probe method with Z — uu
gives &gim & €4ata-

o Weights from efficiency ratios
binned in recoil projection u and 7.

j%s hadronic
recoil

Efficiency

Ratio

JHEP 01 (2022) 036
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Cross-checks mW 2016

1. Orthogonal splits: Five ~50:50 splits of the data (polarity, charge X
polarity, etc...) all result in [mw] differences within 2c.

2. Fit range: The result is stable w.r.t. variations in the upper/lower limits.

3. Fit freedom: The result is stable w.r.t. variations in the model freedom
(e.g. 3 independent as values instead of 2, etc...)

4. W-like fit of the Z mass: Measurements with p+and p-agree to better
than 10 and their average agrees with the PDG value to better than 1.

5. Oomw fit: Alternative fit with the difference between the W+and W-
masses as another floating parameter: this parameter is consistent
with zero within 10.

6. Additional tests with NNLO PDFs instead of NLO PDFs, variations in
the charm quark mass, etc... affect mw at the = 1 MeV level.
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Model validation: [Pseudo]data challenges

10° 10° JHEP 01 (2022) 036
W T e v 1 oL LHOb N
fit region fit region =
T> 150 - : : ---- POWHEGPYTHIA (ref.) : : N ---- POWHEGPYTHIA (ref.)
) HERWIG “é 30 + HERWIG
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> Using our central model to fit POWHEGPYTHIA 648 3492 -
pseudodata generated from different  Hgrwig 719 6004 1.6
models (e.g. HerwigNNLO) gives a POWHEGHERWIG 64.0 118.6 o
similar Spread as using those PyTHiA, CTOOMCS 71.0 215.8 -24
different models to fit the real data. PyTHIA, NNPDF31  66.9 156.2 —10.4
DYTURBO 83.0 428.5 4.3
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Charge dependent curvature biases
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Momentum smearing function (mW 2016)

3) Additional smearing of the simulation to better model the data:

Events per GeV
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Effects modelled are curvature bias (§), momentum scale (1 + «),
momentum-independent (o;,5) and momentum-dependent (o5) smearing.
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QED Final State Radiation (mW 2016)

o Made no preference between predictions from Pythia, Herwig and Photos,

JHEP 01 (2022) 036
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o Uncertainty is just the envelope of fits from all three (templates weighted in AE/E to the
different models),
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mW Combination procedure

o Culmination of large effort in the Tevatron-LHC W-boson mass Combination Working Group,

o Need to translate measurements to a common PDF set and a common description of QCD.
o Kasy for LHCb as we can readily re-run our measurement with new PDF set, QCD predictions etc.

* Two-step procedure :
- correct to common PDF & QCD accuracy
- combination including correlations
mWCDF mWDO mv\/\TLAS
CTEQ6M CTEQS6.6 CT10nnlo
6mWCDF 6m£00 6m ATLAS
\ Common baselme /
mwcombined

mWLHCb

LHCb

Taken from this talk

CT18/NNPDF/MSHT20

... and repeat, for different PDFs 4
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https://indico.cern.ch/event/1193956/contributions/5060791/attachments/2521319/4335381/mwcomb_ewwg_041022.pdf

Momentum calibration uncertainty in m,

arxXiv:2505.15582

Detector material description 2.6
Smearing fit 1.8
Mass of Y(1S) 1.5
Curvature biases 0.7
FSR corrections for Y(1S) 0.6
Total 3.8

(¢]

Material: energy loss term b = 0 by default, emulate 10% uncertainty on material with pm 2
MeV shift; influences alpha,

(¢]

Smearing fit: stat. unc. on parameters,

(¢]

Y(1S) mass: influences alpha,

(¢]

Curvature biases: stat. unc. on parameters,
o QED corrections: Pythia v Photos FSR for Y(1S).

GDR QCD my,, 30/06/25 Ross Hunter, University of Warwick


https://arxiv.org/abs/2505.15582

m,: Checks

o Splitting dataset in 22 orthogonal directions (e.g. low / high rapidity) - no
differences > 20,

o Numbers of bins, fit ranges etc. give < 1 MeV shifts,

o Use J /Y instead of Y(15), or a lower-p;r Y(15) sample in momentum smearing: < 2
MeV shift.

o All the fitters involved show good closure.
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m, : time-dependent momentum scale corrections

o Intervals are non-uniform in time to give equal size of sample:

2 I e e I L
& I LHCb 1.7 fb~1 _
© —0.0001 -
O . ¢ )
=
3 &
E _0.0002| ¢ 1 |4 | i
5 o )| l
5 i ! _
= ~0.0003 - 14 -
. | |
Q
) | | | -
-0.0004 .
&
=0.0005 - e 0 s o F a2 Fa Foa F s 1 L1 L

2 4 6 8 10 12 14 16 18 20
Data-taking period
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m, : different momentum calibration samples

0.1

0.01

Normalised counts

10-3

10~4

103
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3 T T T I T I T T T I T T T E I T T T T I T T T I T T T T I T T T T I T
i Z—putu- ] LHCb 1.7 fb-!
3 Y(1S) = p* p~ (highpr) -
: - Y(1S)—> p*pu~ (low pr) 7
[ i A L Iy ptus ] A I1182029.6 MeV

3 E " . 91186.1+10.9 MeV

. i Default 91184.249.2 MeV

E i LHCb Simulation

: | ] :l 1 1 ] 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
0 20 40 60 80 91170 91180 91190 91200 91210

Muon |g/p| [TeV~1] mz [MeV]
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m, : master smearing formula

o From Emir’s CERN seminar:

The momentum response  z-»aoyp W

pt-o (1+a+ pﬁi FopH)A + aR,0,)(1 + bR,0,p%)pt
\ Y J | Y J

Bias terms Smearing terms

Momentum Scale Detector resolution

(time/direction dependent)

Detector Misalignment

Energy Loss Material scattering

(L, -
15 n=33 % i coshn “
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m, : simulated momentum response

arxXiv:2505.15582

21-001O_I""I""I""I""I" T T
S LHCb simulation ]
= _ ‘} =
= 1.0005 - (I) |
2 : -
S
S | 1 _
= 1.0000 -
= —
0.9995 - Muons with 2.2< n<4.4 7
b Zoprpm
] b YAS) s ptpo
B — Fitof flg,p)=1+a+plp-qps ]
0.9990 Total calibration uncertainty
i

I B A P
-1500 -1000 =500 0 500 1000 1500
True gp [GeV]
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5TeV: systematics

o Muon efficiencies: propagate statistical uncertainties, and choices in the parametrisation as a
function of p;.

o Isolation calibration: propagate statistical uncertainites; change the number of bins in
calibration fits up/down by 2.

o Charge-independent momentum biases: propagate statistical uncertainties on momentum
smearing values.

o Charge-dependent momentum biases: statistical uncertainties on pseudomass corrections are
propagated as additional curvature biases on the simulation.

o Hadronic background: assumption on fractions of each hadronic species is varied, mis-ID fit
uncertainty is propagated, p; shape is made shallower / steeper.

o Unfolding: for numerical stability have to fix under/over flow bins to prediction. Vary
prediction up / down by 10%.
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5.02 TeV W cross sections (integrated)

LHCb, 100 pb~!, Vs =5.02 TeV
[ & &3 [ GamiG® ] & 05 [
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