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Scientific Context

 Three degrees of freedom in electroweak theory.
« my, indirectly predictable given well-known m, a, Gg:
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Status of the field

« Combination of global fits to EW sector
(indirect) and direct m;, measurements
place constraints on new physics.

« m_ " = 80354 + 7 MeV,
miT4S = 80370 + 19 MeV

(EPJC 78, 110 (2018)),

e LHCD full Run-2 data: O(10) MeV statistical
uncertainty on my,,

 Historically-limiting PDF uncertainties
expected to anti-correlate in a GPD-LHCb
combination...

* ...but limited by theory systematics.

— Today: a proof-of-principle measurement
with the 2016 data (1/3 of Run 2).
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68% and 95% CL contours
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Direct MW and m, measurements
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https://link.springer.com/article/10.1140/epjc/s10052-018-6131-3
https://link.springer.com/article/10.1140/epjc/s10052-017-5475-4
https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1
https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1
https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1

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

ECAI HCAL
SPD/PS M3
RICH2 wzy
I3

 Single arm spectrometer, fully instrumented in the forward region.

» Mostly designed for flavour physics, but with a strong programme of probing vector
boson production*.

*Full list of LHCb EW papers here
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https://doi.org/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html

How we measure my,

« W - uv gives a single, high-pr, isolated muon. my, sensitivity from p,
which peaks at ~my, /2.

—Extract my, in a template fit to the muon q/p; distribution.

LHCb-PAPER-2021-024 in prep.
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Angular coefficients

do 3  dgunpol

Before final-state radiation: dp dydMd cos 6d ¢ 16 dp dyd M Unpolarised cross-section

{(1 + cos® ) + AO—(l — 3cos® ) + A; sin 26 cos ¢
Angular terms 1 2
(A; = angular —= et .
coefficients) + A, 5 sin“ @ cos 2¢ +| Az sin 6 cos ¢|+ A4 cos 6
_+ Assin®0sin2¢ + Agsin 26 sin ¢ + A;sinfsin ¢}
LHCb- PAPER 2021-024 in prep.
W fit region LHCb 51mulat10n W+ fit region
| ' preliminary : '
ol | : A, scaling
i i :(1’-2 « A; predictions from DYTurbo at O(a?).

» Problem: too sensitive to uncertainty on
prediction of A5.

20

Normalised events per GeV!

» Solution: float a single A5 scale factor in

S I— the fit to absorb this uncertainty.
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In-situ MC generator tuning
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do unpol
dp¥.dyd M

Unpolarised cross-
section

« POWHEG-Box + Pythia8 is
our central model.

« Previous m;, measurements
rely on tuning to p4. Does
this tune hold for py¥'?

* 1907.09958 (2019):
variations in ag and k"
affect p4. differently to
variations in my,.

= Float these QCD parameters
in a simultaneous fit to

W q/py and Z ¢*.


https://arxiv.org/abs/1907.09958
https://arxiv.org/abs/1907.09958

| Pseudo]data challenges

<10° <10° LHCb-PAPER-2021-024 in prep.
' W fit regionlg ' ' ' §'W+ fit régi0n§ ' ' ' ' ' ' ' ' '
: . LHCb Preliminary : 40 LHCb Preliminary
_ 1507 | ——— POWHEGPYTHIA (ref.) | ———— POWHEGPYTHIA (ref.)
> ' 30
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= 50 —— DYTURBO 10k —— DYTURBO
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o 1.1 o 1.1
2 ros| 5105t ]
+— = :Izi—.—ﬁ:% —_——
©] 1 o 1
E 095} g sk — @ e ]
% 09 ’ : ’ ’ 09
7004 003 —002 -001 0 00l 002 003 004 20 005 01 015 02 025 03 035 04 045 05
Muon g/p_ [1/GeV] ¢*
Data config. X3 X% omy [MeV]
 Using our central model to fit POWHEGPYTHIA  64.8 34.2 =
pseudodata generated from different II;I?)P{;VV I}(I;gégmwm (75111'3 (13(1)2;1 ;‘75
models (e.g. HerwigNLO) gives a PyTHIA 8, CTOOMCS 71.0 215.8 24
similar spread as using those PyTHIA 8, NNPDF31 66.9 1562  -10.4
different models to fit the real data. DYTURBO 81.5 334.3 0.8
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Detector alignment & calibration

To measure my,;, accurately we need to
eliminate biases in p;. due to detector

misalignment effects. M*T = [2ptpEi_ (1 — c0s0),
" pf T
1. Custom alignment for high- owe - ERICSi(soan)g.on
muons. T U ‘
b IMuUons g ol
2. Finer, analysis-level curvature £
84

(q/p) corrections from the
“pseudomass” method on Z — pyu.

Differences in M* and M~ allow for o~
mapped curvature corrections across G 70 75 8 8 90 95 100 105 10 Tis 120
the detector. M" (GeV)
Inspired by PRD 91, 072002 (2015)
EPS-HEP 2021 Ross Hunter, University of Warwick 8
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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

Detector alignment & calibration

3. Additional smearing of the simulation:

. . . . . . x10°
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» Fittothe J/y,Y(1S) and
Z dimuon invariant
mass peaks enable
determination of 6
smearing parameters.

EPS-HEP 2021

Events

Pull (o)

LHCb-PAPER-2021-024 in prep.
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100

9.15 92 925 9.3 935 94 945 95 955 9.6 9.65 9.7 9.75 9.8
Dimuon mass [GeV]

36 fit categories
(species, magnet
polarity, n)

Xiorqr = 1862/2082



Signal selection

» Veto events with second high- p7. muon in acceptance (p; > 25 GeV):
rejects Z — uu,

» Signal muon is well-reconstructed, muon ID-ed and required to fire high-
pr single muon triggers,

« Muon candidate is isolated: rejects heavy flavour backgrounds.

This selects 2.4M events in the fit window 28 < pf. < 52 GeV, 2.2 < 5 < 4.4.

EPS-HEP 2021 Ross Hunter, University of Warwick 10



Treatment of backgrounds

 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:
LHCb-PAPER-2021-024 in prep.

4 Data LHCb

10° ¢
Preliminary

5 i — Fit model

tt

- Sample of +ve charge tracks with
| inverted muon-ID requirement.

Weighted candidates
S

1071
4t
=) 2t
= Of
£ 27
-4t .
20 25 30 35 40 45 50 55 60

p..[GeV]
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Muon reconstruction efficiencies

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

 Efficiencies from tag-and-probe
method with Z - yu and Y(1S5) —

uu.

« Muon reconstruction weights from
fit to efficiency ratio as function of
ph, binned in 7 and ¢.

EPS-HEP 2021

—— pr dependent parameterisations of the trigger efficiency ratios
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Isolation efficiency

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

 Efficiencies from tag-and-probe
method with Z - uu.

 Isolation weights from efficiency

ratios binned in recoil projection
u and 7.

—H

p T

Pr - Pr
U = m .
hadronic

pT recoil

—>other

.......... A(pT

EPS-HEP 2021

)

Efficiency

Ratio to ref.

LHCb-PAPER-2021-024 in prep.

0.8
06 -
LHCh — Uncorrected sim. (ref.)
04r Preliminary — Corrected simulation .
W boson distribution
02 i
0
1.1}
1 = it
T + Rall I -T-
0.9 ++ ]
-60 -40 =20 20 40 60 80 100

Ross Hunter, University of Warwick
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The 1fit result

LHCb-PAPER-2021-024 in prep.

LHCb Preliminary
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I Rare backgrounds

e S
.-
g o S

oo o o

. . . . . . . x10° .
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0.5293 + 0.0006
0.3510 £ 0.0005
0.0151 £ 0.0007
0.1243 + 0.0004
0.1263 + 0.0003
1.57+0.14 GeV
0.979 £ 0.026

Ross Hunter, University of Warwick
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Uncertainty breakdown

Source Size [MeV]

Parton distribution functions 9.0 Average of NNPDF31, CT18, MSHT20
Theory (excl. PDFs) Total 17.4
Transverse momentum model 12.0 Envelope from five different models
Angular Coefficients 9.0 Uncorrelated scale variation
QED FSR model 7.2 Envelope of Pythia8, Photos and Herwigy
Additional electroweak corrections 5.0 Tested with POWHEGew
Experimental Total 10.6
Momentum scale and resolution modelling | 7.5
Muon ID, trigger and tracking efficiency 6.0 d etlaglcs %?iiztﬁéiﬁggﬁgCgerﬁ?;r;tlf;j
Isolation efficiency 3.9 smoothing) and dependence on
external inputs.
QCD background 2.3
Statistical 22,7
Total 31.7

EPS-HEP 2021 Ross Hunter, University of Warwick



The result

Taking the arithmetic average of results with NNPDF31, CT18 and MSHT20:

' ' ' ' ' ' ' LHCb-PAPER-2021-
— Total uncerta.tinty LHCb Preliminary 024 in prep.
Stat. uncertainty
ALEPH : ®
DELPHI : ®
L3 : ®
OPAL ’ ®
CDF ——
DO ——
ATLAS ——
LHCDb 2016 run : ®
Electroweak Fit o
80100 80150 80200 80250 80300 80350 80400 80450 80500
my, [MeV]

m,, = 80364 + 2354 + 11.xp £ 17peory + 9ppr MeV

EPS-HEP 2021 Ross Hunter, University of Warwick 16


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

Conclusions and outlook

Integrated Recorded Luminosity (1/fb)

* First measurement of the W boson mass at LHCb achieves a precision of ~32 MeV,

2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

LHCb Integrated Recorded Luminosity in pp, 2010-2018

- 2018 (6.5 TeV): 2.19 /fb ; :
. 2017 (6.5+2.51 TeV): 171 Mo+ 00 fp | g 2018201
. 2016 (6.5 TeV): 1.67 /fb :
2015 (6.5 TeV): 0.33 /fb : : o
a 2012 (4.0 TeV): 2.08 /fb ......... 1.1 0.~ ... 201.‘
2011 (3.5 TeV): 1.11 /fb :
2010 (3.5 TeV): 0.04 /b

This an

RE R AR RS RRRERRRERE

f

T

lhcb—Dubléic.web.ceril.ch

T

I Sép i Nov l
Month of year

using roughly 1/3 of the Run 2 dataset.

 An overall precision < 20 MeV looks achievable with existing LHCb data.

« Measurement expected to provide significant impact on a LHC-wide average due to

potential anti-correlation of PDF uncertainties.

« LHCb-PAPER-2021-024 in preparation

EPS-HEP 2021

Ross Hunter, University of Warwick

alysis


http://lhcb-public.web.cern.ch/

Thank you for your attention.
Any questions?

EPS-HEP 2021 Ross Hunter, University of Warwick
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PDF uncertainty and prospects for combination

EPJC 75 12, 601 (2015) NNPDF30
[ [ I [ I

% 80.5F .
?;8045— p=-0.63 :
» Large PDF uncertainty expected to = ok
. . . R e I X
anti-correlate with PDF uncertainty 5 804 i .

on a ATLAS or CMS “
my, measurement.

o
<
w
O
|
|

| | | | |
803 8035 804 8045 805
LHCb my, (GeV)
5 LHCb-PAPER-2021-024 in prep.

| LHCDb Preliminary = ;f:f‘
= N Exp.
— Theory
E a0 PDF
. . Wi =027 L _o
* Under some simple assumptions: £ x | =02 sy = 017
10 1 ‘ |II \Ilﬁ ;
0
ATLAS LHCb Optimistic Central Conservative
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https://link.springer.com/article/10.1140/epjc/s10052-015-3810-1

Cross-checks

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.

EPS-HEP 2021 Ross Hunter, University of Warwick



Limitations of previous m,, measurements

TABLE II: Systematic uncertainties of the Mw measurement.

AMy (MeV)
Source mr pPT Zr Source Uncertainty (MeV)
Electron energy.calibration 16 17 16 Lepton energy scale and resolution 7
Electron resolution model 2 2 3 Recoil Y luti 6
Electron shower modeling 4 6 ¢ eCOL energy sca’e and resotution
Electron energy loss model 4 4 4 Lepton removal 2
Hadronic recoil model 5 6 14 Backgrounds 3
Electron efficiencies 1 3 5 pr (W) model 5
Backgrounds 2 2 2 |__Parton distributions 10
Experimental subtotal 18 20 24 QED radiation 4
Ig ]E)]g 171 171 194 I W-boson statistics 12
Boson pr 2 5 2 Total v
Production subtotal 13 14 17
Total 55 5 59 CDF: PRL 108 (2012) 151803

Do: PRL 108 (2012) 151804

« Expected to be a bigger problem for
pp collisions rather than pp:

EPS-HEP 2021 Ross Hunter, University of Warwick


https://doi.org/10.1103/PhysRevLett.108.151803
https://doi.org/10.1103/PhysRevLett.108.151803

Fitting the Z ¢* distribution

EPJC 78, 110 (2018)

3 008EATLAS T —e—Data
. 2. 0.07 ;—Fﬁ;;:;"' Rl —— Pythia 8 4C Tun
* We could fit pr- g 0.06 - —— Pythia 8 AZ Tune
S 0.05F
© =
= 0.04F
 But v. sensitive to all detector 0.03 5
modelling effects! 0.02
0.01F-
2 11 f_ .... — '___L___..L—A—f_A__'_‘___—x—a
[ R 0] S ——— ;x;_‘_..é .................................................................................... 3
\_ 1 z_v_=1_-_v__'__x:#=—v__v_—v-'—7—v——v— — ey
8 0.95 ;— ''''''''''' - x:”“” ..................................................................................................................... _;
nh_ Og S ; ...... ey S e S R =
0 5 10 15 20 25 30 39 40
Il G
(a) p; [GeV]
el : 7—A A
* Instead fit/bin the Z in ¢*: $* = tan ( ¢ ) /cosh ( i ) L Pr
(tuning parameters of fit coming 2 2 M

later...)
EPJC 71, 1600 (2011)
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https://link.springer.com/article/10.1140/epjc/s10052-011-1600-y
https://link.springer.com/article/10.1140/epjc/s10052-017-5475-4

Charge-dependent curvature blases 1

.z 22 2: | Mis-alignment

e Misalignments like this... True path

V/
1111— Reconstructed path

/("f‘

e ...are caught by the — I
“pseudomass”:
Xloﬁlpole magnet  ppjC 81 (2021) 3, 251
% 11 l l ' ' l : I l l I l '
M* = 2p* pT—(l — c0s6), S 1ol
PT S of
& 8
E 7
6_
« Differences in fitted ME - I
curvature bias corrections. 3
2
: =S CNT
Inspired by PRD 91, 072002 (2015) 076 70 75 80 8 9 95 100 105 110 115 120

EPS-HEP 2021 Ross Hunter, University of Warwick M* (GeV) 24


https://link.springer.com/article/10.1140/epjc/s10052-021-09016-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.072002

Charge-dependent curvature biases
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https://link.springer.com/article/10.1140/epjc/s10052-021-09016-9
https://link.springer.com/article/10.1140/epjc/s10052-021-09016-9

Momentum smearing function

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

q q gs
, FN O
p  p-NI+a,oums)

" coshn

LHCb-PAPER-2021-024 in prep. x10°
Iy —uu Y(1S)—=uu Z—=uu
20000 - LHCDb + Data 100t LHCDb + Data 1 10000 LHCb + Data
Preliminary [ Simulation Preliminary [ Simulation Preliminary [ Simulation
” 15000 Background T " Y 1 Background " — Unsmeared
g ] / lp — Unsmeared E ( S ) — Unsmeared E Z
[ 10000 1 & sof @ 5000 -
5000
0 0 0
4 4 r 4t
© 2f Y ©  2f
= 0k = 0 = 0F
£ -2F g -2 £ -2t
-4t ] -4t -4t ]
3.04 305 3.06 3.07 3.08 309 3.1 3.1 3.12 3.13 3.14 3.15 3.16 9.15 92 925 93 935 94 945 95 955 9.6 9.65 9.7 9.75 9.8 8 8 8 90 92 94 9 98 100
Dimuon mass [GeV] Dimuon mass [GeV] Dimuon mass [GeV]

Effects modelled are curvature bias (§), momentum scale (1 + «),
momentum-independent (o;,5) and momentum-dependent (o5) smearing.
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POWHEG+Pythia as central model

Events per GeV

Ratio to ref.

intr

T

)

LHCb-PAPER-2021-024 in prep.

Fit region

LHCb Preliminary
After fit

Data

POWHEGPYTHIA (ref.)
DYTURBO
POWHEGHERWIG
PYTHIACTOOMCS
PYTHIANNPDF31
HERWIGNLO

Tuning of @, and k
x10° ' . ' ' ' x10°
15 Fitregion LHCb Preliminary 1 15
i Before fit
' Data %
POWHEGPYTHIA (ref.) | (2 10 k
DYTURBO g
POWHEGHERWIG é
PYTHIACTOIMCS 4 ~
PYTHIANNPDF31 1 H St
HERWIGNLO
. + IR
Sure el et + . S
E
0 10 20 30 40 50 60 70 80 90 100 0
pZ1GeV]

40

50
pZ [GeV]

60

- POWHEG-Box + Pythia8 = best description of pZ -> our central model.

Other models (POWHEG-HERWIG, PYTHIACTo9MCS, PYTHIANNPDF31 and
HERWIG NLO) are used to evaluate systematic uncertainty (12 MeV).

EPS-HEP 2021

Ross Hunter, University of Warwick
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Electroweak Corrections

Central result based on the average of these 3 QED FSR models (simulation reweighted

Normalised Entries
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according to the relative energy loss).
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