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e The W boson mass is one of the most important parameters of the SM

> (Constrains many other parameters

> Great probe for new physics

e LHCb measurement complementary to ATLAS/CMS

> PDF uncertainties expected to be anti-correlated
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LHCDb detector

* Single-arm forward spectrometer designed for high-precision physics

 Unique option to perform measurements in the forward region 2 <y < 5
> Complementary to ATLAS/CMS!
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* Single-arm forward spectrometer designed for high-precision physics

 Unique option to perform measurements in the forward region 2 <n < 5
> Complementary to ATLAS/CMS!
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Analysis strategy

« Analysis of leptonic decay W — uv (impossible to reconstruct mass mW)

o Variable of interest is (/py of the muon — peaks at ~ 2/my;, at LO

« Data of pp collision at \/E =13TeV, L., = 1.7 fb~! (2016 data)

e Processes:
> W — uv (q/py)

q/Py



Analysis strategy

« Analysis of leptonic decay W — uv (impossible to reconstruct mass m/w)

o Variable of interest is (/py of the muon — peaks at ~ 2/my;, at LO

« Data of pp collision at \/E =13TeV, L., = 1.7 fb~! (2016 data)
* Processes:

> W — uv (q/pp)
> L= up (™)

Enter the fit
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Analysis strategy

« Analysis of leptonic decay W — uv (impossible to reconstruct mass m/w)

o Variable of interest is (/py of the muon — peaks at ~ 2/my;, at LO

« Data of pp collision at \/E =13TeV, L., = 1.7 fb~! (2016 data)
* Processes:

- W — uv (q/py) }

> L= pp (™)
> Y(15) — up
- JIVY — up

Enter the fit

Corrections
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Analysis strategy

« Analysis of leptonic decay W — uv (impossible to reconstruct mass mW)

o Variable of interest is (/py of the muon — peaks at ~ 2/my;, at LO

« Data of pp collision at \/E =13TeV, L., = 1.7 fb~! (2016 data)

e Processes:

> W — UL (q/pT) |
o o (¢ *) Enter the fit
> Y(IS) — HH Corrections
> JIY — uu

e Selection:

> Require 1(2) muons per event
> Muons must be isolated tan((n—Aqﬁ)Q) o7

cosh (An/Z) my,

q/Py P =
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Correction of curvature biases

 Possible misalignments in the tracking detectors
q q
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Correction of curvature biases

 Possible misalignments in the tracking detectors

q >qI5

Pr Pr

Charge-dependent bias

e Correction calculated in Z — uu events is applied

> (Calculate pseudo-mass variables

pi
M* = [2p*pF— (1 — cos 0)
pPr

» not simultaneously dependent on |[p™| and |p ]|

» ™ shifted in opposite directions by curvature bias

- Select events with ¢p* < 0.05 where A~ ~ m,,



Correction of curvature biases

 Possible misalignments in the tracking detectors
q q

>
Pr Pr

Charge-dependent bias
-0

e Correction calculated in Z — uu events is applied
> (Calculate pseudo-mass variables

-
M* = [2p*pF— (1 — cos 0)
pPr

» not simultaneously dependent on |[p™| and |p ]|
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Momentum smearing

 Simulation of detector is not perfect

e Smear the simulation results
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~ where /I (a, b) is a random Gaussian number
 Fit to data to obtain 6 smearing parameters
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Momentum smearing

 Simulation of detector is not perfect

e Smear the simulation results
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~ where /I (a, b) is a random Gaussian number
 Fit to data to obtain 6 smearing parameters
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Momentum smearing
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 Simulation of detector is not perfect
e Smear the simulation results
1 > 1 +| A (0
p p{N(+ a0y
~ where /I (a, b) is a random Gaussian number

Parameter

Fit value

a (n < 2.2)
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Efficiency corrections

* Corrections to the simulation are required for efficiencies in the muon

[ Trigger ] |dentification ] Track reconstruction] [Isolation]




Efficiency corrections

* Corrections to the simulation are required for efficiencies in the muon

[ Trigger ] [ Identification} [Track reconstruction} [Isolation}

« Trigger efficiency is measured using a combination of Z — uu and Y(1S) — uu events
with tag and probe method

> Tagged muon: well identified, triggered muon
(tight selection criteria)

» Probe muon: unbiased set of muon candidates
(very loose selection criteria)

Tagged u

N tagged & matched

£ =
Z, Y(1S)
N, tagged

Probe u



Efficiency corrections

* Corrections to the simulation are required for efficiencies in the muon

[ Trigger ] [ ldentification }

[Track reconstruction}

[ Isolation}

with tag and probe method

> Tagged muon: well identified, triggered muon
(tight selection criteria)

> Probe muon: unbiased set of muon candidates

(very loose selection criteria)
Tagged u
B N tagged & matched
£ = ngged Z,Y(1S)
Probe u

Trigger efficiency ratio

Trigger efficiency is measured using a combination of Z — uu and Y(1S5) — uu events
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QCD background model

 Small background from in-flight decay of pions, kaons into muons
 \W-boson selection with inverted muon ID — Select sample of charged hadrons




QCD background model

 Small background from in-flight decay of pions, kaons into muons
 \W-boson selection with inverted muon ID — Select sample of charged hadrons

* The probability of a hadron to decay is (mass )

] —ex ( md)
"\

[ lifetime ] [momentum]

/(detector Iength]




QCD background model

 Small background from in-flight decay of pions, kaons into muons
 \W-boson selection with inverted muon ID — Select sample of charged hadrons

* The probability of a hadron to decay is (mass )

l—exp( md) ~

/{detector Iength]
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[ lifetime ] [momentum]
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Signal modeling

 Different generators are tested to find the best one by fitting the Z — uu events data

» POWHEGPYTHIA is found to be the most reliable after tuning QCD parameters

« Generator QCD parameters a¢ and

Before tuning QCD parameters

intr
kT

are therefore included in the fit

; After tuning QCD parameters
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Fitting procedure

o My, is extracted by fitting background and signal templates simultaneously :

> ¢g/ps of the muon in W= decay 60F
LHCb simulation
> ¢ * of Z boson (extra control of QCD effects) (s = 13 TeV
40 m,
— +300 MeV

20 - — =300 MeV

Normalised events per GeV™!

|
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q/pt [1/GeV]




w IS extracted by fitting background and signal templates simultaneously :

~ g/ p; of the muon in W= decay

> ¢ * of Z boson (extra control of QCD effects)

» 8 free parameters to be extracted

> MW
» W™ fractions and QCD background

> Qg for the Z boson process

> ¢ for the W boson process

> intrinsic p; of the initial state partons (k%”” )

> scaling of angular coefficient A,

Normalised events per GeV™!

Ratio

60 - | |
L.HCb simulation
Vs =13 TeV
40 +
My,
— 4300 MeV

o0l — 300 MeV

0.95 |
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002 0.03 0.04



Fit validation and cross check

* Pseudo data validation:
> Pseudo data are generated with alternative model predictions and fitted

~ Variations of My, not large and differences in shape absorbed by a¢ and k%’””

 Cross checks on orthogonal subset S 4
. - o, | LHCD A
> Fit range variation ol O . powmBOPYEAGD) | B
HERWIG
> More or less ag¢ freedom POWHEGHERWIG

PYTHIANNPDF31
PYTHIACTO9MCS

> NNLO PDF
~ Different M, for W* and W~

» / boson mass measurement

Events per GeV™!
=
S

Ratio to ref.
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Muon ¢g/py [1/GeV]



Fit validation and cross check

* Pseudo data validation:
> Pseudo data are generated with alternative model predictions and fitted

~ Variations of My, not large and differences in shape absorbed by a¢ and k%’””

 Cross checks on orthogonal subset S 4
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Fit results

Events per GeV™!

Data/fit
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Best fit parameters

Parameter Value

Fraction of W — utv 0.5288 4 0.0006
Fraction of W™~ — u~ v 0.3508 £ 0.0005
Fraction of hadron background 0.0146 + 0.0007
a? 0.1243 4 0.0004
oV 0.1263 + 0.0003
it 1.57 &+ 0.14 GeV
Ag scaling 0.975 £+ 0.026
mw 80362 + 23 MeV

0.04




Fit results

Events per GeV™!

Data/fit
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Best fit parameters

Parameter Value

Fraction of W — utv 0.5288 4 0.0006
Fraction of W™~ — u~ v 0.3508 £ 0.0005
Fraction of hadron background 0.0146 + 0.0007
a? 0.1243 4 0.0004
oV 0.1263 + 0.0003
it 1.57 &+ 0.14 GeV
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Source Size [MeV]

Parton distribution functions 9
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 modeling 14
Muon ID, trigger and tracking efficiency 0
Isolation efficiency 4
QCD background 2
Statistical 23

Total 32




Uncertainties

Source Size [MeV]
Parton distribution functions @ ____, | Average of PDF models used
for fitting
17

Theory (excl. PDFs) total

Transverse momentum model 11
Angular coefficients 10
QED FSR model 7
Additional electroweak corrections 5
Experimental total 10
Momentum scale and resolution modeling 14
Muon ID, trigger and tracking efficiency 0
Isolation efficiency 4
QCD background 2
Statistical 23

Total 32
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Uncertainties

Source Size [MeV]
Parton distribution functions @ ____, | Average of PDF models used
for fitting
17

Theory (excl. PDFs) total

Transverse momentum model —_— My, de.scription from
alternative generators

Angular coefficients 10
QED FSR model 7
Additional electroweak corrections 5
Experimental total 10

Momentum scale and resolution modeling

14
Muon ID, trigger and tracking efficiency 6 Evaluated using control
Isolation efficiency 4 samples of Z, Y and J/y
QCD background 2

Statistical 23
Total 32
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Comparison with other measurements

Total uncertainty
= Stat. uncertainty
ALEPH ————————
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L3 ——
OPAL —————————
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e
Electroweak Fit -@-
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Comparison with other measurements

Total uncertainty
= Stat. uncertainty

ALEPH = ®

DELPHI = ®
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OPAL = °

CDF C @ !

DO —@
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LHCb 1.7 fb’!

Electroweak Fit @
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First M;;, measurement performed at LHCb

The measurement will complement results from ATLAS and CMS
Resulting value consistent with SM expectations
However, recent CDF measurement is in tension with the SM predictions

— Total uncertainty

Stat. uncertainty

Tevatron I combination : ®
PRD 70 (2004) 092008

DO II —e—
PRL 108 (2012) 151804

LEP combination : ®
Phys. Rept. 532 (2013) 119

ATLAS — @
EPJC 78 (2018) 110

THEP 01 (2022) 036

CDF 11 @
Science 376 (2022) 170

Electroweak Fit (J. Haller et al.) @
EPJC 78 (2018) 675

Electroweak Fit (J. de Blas et al.) &
arXiv:2112.07274
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First M;;, measurement performed at LHCb
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QED corrections

* Muons can lose part of their energy AE due to final-state radiation.

 Three different LO QED models are combined to extract the energy loss
distribution.

* Higher order electroweak corrections are not considered.
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Angular coefficients

do . d g unpol
dpyrv dydMd cos 0d¢ 167 dp¥ dyd M

1
{(1+ cos®8) + A0§(1 — 3cos® ) + A; sin 20 cos ¢
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A, Predictions from DYTurbo at O(a32)

 Float a single A, scale factor in the fit to absorb
the uncertainty on the prediction of A,
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Fit results

 [he data and simulation samples are split into orthogonal subsets

Subset X2, /ndf  dmy [MeV]
Polarity = —1 92.5/102 -

Polarity = +1 97.3/102 —57.54+45.4
n > 3.3 115.4/102 -

n<3.3 85.9/102  +56.9 +45.5

Polarity x ¢ =+1 95.9/102 -
Polarity x ¢ = —1 98.2/102 +16.1+45.4

o| > /2 08.8/102 -
o < /2 115.0/102 +66.7 4 45.5
¢ <0 91.8/102 -

» >0 103.0/102 —100.5 £ 45.3




Fit results

e Variations the p

min
T

and p

max
I

of the fit range in the g/p; distribution

Change to fit range x7,/ndf  dmw [MeV] o(mwy) [MeV]

pit = 24 GeV
pmin — 96 GeV
pit = 30 GeV

06.5/102 +6.8 19.7
97.7/102  +9.6 20.9
102.7/102  +3.0 25.7
84.9/102 —21.6 30.8
105.3/102 —3.8 23.2
103.0/102 —2.1 23.0
06.3/102 —8.6 22.6

103.7/102 —14.3 22.4




Fit results

e Variations in the parameters determined in the fit ( Fit model freedom)

Configuration change Xt /ndf  dmy [MeV]  o(my) [MeV]
2 — 3 as parameters 103.4/101 —6.0 +23.1
2 — 1 as, and 1 — 2 k' parameters 116.1/102 +13.9 +22.4
1 — 2 k' parameters 104.0/101 +0.4 +22.7
1 — 3 k" parameters 102.8/100 —2.7 +22.9
No Aj scaling 106.0/103 +4.4 +22.2

Varying QCD background asymmetry 103.8/101 —0.7 +22.7




(Pseudo) data challenges

x10° x10°
200 — : - T T - r T = T T T r r r r T
W~ | LHCb e il LHCb :
fit region | fit region !
- . ---- POWHEGPYTHIA (ref)) | L - - - - POWHEGPYTHIA (ref.)
% § —— HERWIG ' *é 30 + ————— HERWIG 2
La . POWHEGHERWIG a2 POWHEGHERWIG
2100 | .~ PYTHIANNPDF31 1 & 2} ~—— PYTHIANNPDF3I |
5 . —— PYTHIACTO9MCS £ ——— PYTHIACTO9MCS
A 50 . —— DYTurso A 10l — DYTURBO /
. e
k> s 1 |
E :O: 1.05¢
2 s
5 0957 Z 095
M Q9L : : (RN M 09t :
-004 -003 -0.02 -001 0 001 002 003 0.04 0O 005 01 015 02 025 03 035 04 045 05
Muon ¢g/pt [1/GeV] o
Data config. X% Xy Omy [MeV] a? ' Aj3 scaling
POWHEGPYTHIA 64.8 34.2 - 0.1246 £ 0.0002 0.1245 £ 0.0003 0.979 £ 0.029
: : HERWIG 71.9 600.4 1.6 0.1206 £ 0.0002 0.1218 £ 0.0003 1.001 £ 0.029
[
USIng the central mOde_I to fit pseUdo data genera:ted POWHEGHERwWIG 64.0 118.6 2.7 0.1206 £+ 0.0002 0.1226 £+ 0.0003 0.991 £ 0.029
from different models gives a similar spread as using PyrtHIA, CTOOMCS 71.0 215.8 —2.4  0.1239+0.0002 0.1243 = 0.0003 0.983 == 0.029
those different models to fit the real data PyTHiA, NNPDF31 66.9 156.2 —10.4 0.122540.0002 0.1223 4+ 0.0003 0.967 + 0.029
DYTURBO 83.0 428.5 4.3 0.1305 £ 0.0001 0.1321 £0.0003 0.982 £ 0.028
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