W mass measurement at LHCDb




Measurement of the W boson mass

« Mmyy IS related to other fundamental parameters in SM EW sector

; mg o
T ) = (1 + A)
mZ \/EGF
 Radiative corrections (A) dominated by top quark and Higgs loop, also can
be affected by

 The LHCb measurement is complementary to the ATLAS and CMS results

- in the combination of LHC
measurements
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| HCb W mass measurement

o ATLAS and CMS experiments have the high pileup environment

« W — ur sample with high purity can be selected using the LHCb data, without
requirement on the missing E,

* Anti-correlation of PDFs uncertainty:
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G: General purpose detector
- LHCb Statistical uncertainty with LHCb Run-2 data-set would be better than 10 MeV

+: charge of W boson 3



| HCb detector

Designed for the heavy flavour physics, with 2 < 77 < 5

—xtended to

W measurements: excellent performance of tracking and muon detector
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Analysis strategy

o Leptonic decay of W boson, W — uv

* Limited detector coverage: cannot get MET information, same
for my
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fitregion | LHCb simulation ' fit region
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* Detector response

 Muon momentum measurement
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* Muon reconstruction and selection efticiency

* Backgrounds

Ratio

* EW boson production

. L -0.04 -0.03 -0.02 -0.01 0 0.01
: WpT modelling, PDFs, boson polarisation, electroweak o/pr [1/GeV]

corrections

- Z boson ¢*
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Datasets

2018 (6.5 TeV): 2.19 /b
2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b
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As a pathfinder measurement, only use 2016 data-set

PYTHIA 1s used with full simulation: missing higher effects, reweightings are needed
0



Event selection

* |dentified muon candidate matched to single muon trigger (threshold 20 GeV

. Relative momentum uncertainty: op/p < 6 %

e xip < 9: difference in the vertex fit ¥~ of the PV, with and without the muon

* Hadronic backgrounds are suppressed to the precent level by an isolation requirement
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Charge dependent curvature biases

* Real-time detector alignment/calibration in the LHCb Run-2 f

Mis-alignment

 However, the alignment is optimized for the heavy flavour physics True path

reconstructed path

e Use events
« Does not work well for W/Z events

* Detector level alignment and a custom alignment

_
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» Corrections developed using pseudo-mass (for + and - charged
MUONS):
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Charge dependent curvature biases

 An example of curvature corrections
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Momentum smearing fit

Os

= L4 1o
Boop M(ldaos cosh 7

. Simultaneous fit of J/y, Y(15), Z mass distribution: y*/dof = 1862/2082

e Simulation to describe data

¢ Data

- Simulation

Background Background

— Unsmeared

| — Unsmeared — Unsmeared
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Efficiency corrections

. Traditional method: Z — u*tu~™, Y(1S) = uu"events

 [he simulated events are corrected with event-by-event weight
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Muon isolation efficiency
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 The muon isolation cut Is used to suppress heavy
flavour background

Efficiency
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o Study isolation efficiency as a function of u, with
/ — up events:
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Background modeling

* Electroweak backgrounds and heavy flavour
hadrons are modeled with simulation

* Hadronic background: the of | ¢ Data
pions and kaons — Fit model

e Cannot get from simulation
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e Special triggered events without muon 1D
requirement
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* Majority occur outside the magnetic field
region
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QCD corrections: polarisation

e Born-level form of W — uv

do B i d O.unpol.
dp¥dydMdcosddy 167 dp¥dyd M

1
{(1+ cos®V) + A0§(1 — 3cos?V) + A; sin 29 cos ¢

1
+ A2§ sin? ¥ cos 2¢ + Assin ¥ cos ¢ + A4 cosV

+ Assin® ¥ sin 2 + Ag sin 29 sin ¢ + A7 sin ¥ sin 90},

« An equivalent expression of Z — uu production

o A; is particularly important for the muon p distribution
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QCD Corrections: W boson p

« The prof a muon has a strong dependence on the W boson p; (extremely important for this analysis)

e W prmeasurement from ATLAS/CMS/DO: limited by py resolution

. POWHEG+PYTHIA: tuning of a, and k1" QCD reweighiing
P
A;: DYTURBO

« / — uu events are used to validate

LHCb
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QCD Corrections: Higher p+region

« However, Iin the high boson pregion

o Significant difference between data (Z — uu) and POWHEG+PYTHIA prediction

* Missing matrix elements for the production of a weak boson and more than one jet
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100% of this correction: < 1 MeV uncertainty A DYTURBO
;
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QED corrections

o Effects from final-state radiation (FSR): larger effects on the muon channel

e Showing algorithms: PHOTOS, HERWIG, PYTHIA

W—-uv
—— PYTHIA

—— HERWIG

- 6-55-5-45-4-35-3-25-2-15-1-050
log,,(AE/E)
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Electroweak correction

* [he higher order EW corrections are not included In the moadel

. uncertainty is assigned: compare POWHEGBOXV?2
prediction with and without electroweak corrections
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It results

 The determined my, with the NNPDF31_nlo_as_0118 PDFs set

. y*/dof = 105/102

e Combined results obtained with NNPDF3.1, CT18, and MSHT20 PDFs sets:

o Analysis with full data-sets is ongoing

LHCb W7

W LHCb
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Systematic uncertainties

Source ~ Size [ MeV]
Parton distribution functions i g

Theory (excl. PDF's) total " | |
Transverse momentum model pr model: Envelope from five different models

Angular coefficients
QED FSR model
Additional electroweak corrections

PDFs: Average of NNPDF31, CT18 and MSHT20

A;: scale variation

—D: Envelope of the QED FSR from PYTHIAS,
hotos, and Herweig/

Experimental total ,; Q
Momentum scale and resolution modelling 7 *
Muon ID, trigger and tracking efliciency

Isolation efliciency “fficiencies: statistical uncertainties,

StQt(']It)' bﬁickground details of method (e.g. binning, smoothing)
allStl1Ca

Total

20



JHEP 01 (2022) 036

| HCb measured result

— Total uncertainty

Stat. uncertainty

Tevatron I combination
PRD 70 (2004) 092008

DO II
PRL 108 (2012) 151804

LEP combination
Phys. Rept. 532 (2013) 119

ATLAS
EPJC 78 (2018) 110

LHCb
THEP 01 (2022) 036

CDF II
Science 376 (2022) 170

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

Electroweak Fit (J. de Blas et al.)
arX1v:2112.07274

30100 30200 30300 30400 80500
my, [MeV]
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Full Run-2 gata-sets

Source Sl ZC MeV]
o First measurement of my, from ﬁ Parton distribution functlons %
| HCDh: Theory (excl. PDFs) total 17
« Transverse momentum model 11 |
. T . L _ Angular coefficients ‘
e Consistent with previous QED FSR model e — -
measurements and with the Additional electroweak corrections 5}
predic’[ion Experimental total 10

Momentum scale and resolution modelling 7
Muon ID, trigger and tracking efficiency
Isolation efliciency

6
4
QCD background 2
2
3

 Upgrade to a double ditferential Statistical
fit Total

o A total uncertainty of < 20 MeV

3
2
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Conclusion

« LHCb has an extensive program on W/Z boson production and
poroperties

 Precise measurement of the W boson mass: consistent with SM expectation




Backup
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Parameter Input value Free in fit  Fit result Fit w/o exp. input in line  Fit w/o exp. input in line, no theo. unc.
My [GeV] 125.1+0.2 Yes 125.1 0.2 90 44 89 720

My [GeV] 80.379 £ 0.013 ~ 80.359 & 0.006 80.354 £ 0.007 80.354 % 0.005
I'w [GeV] 2.085 & 0.042 — 2.091 4 0.001 2.091 £ 0.001 2.091 £ 0.001

Mz [GeV] 91.18754+0.0021  Yes 91.18824+0.0020  91.2013 & 0.0095 91.2017 & 0.0089
'z [GeV] 2.4952 £0.0023 - 2.4947 £0.0014  2.4941 £0.0016 2.4940 £ 0.0016
ob ; [nb] 41.540 £ 0.037 - 41.484 +0.015 41.475 £0.016 41.475 £ 0.015

RY 20.767 & 0.025 — 20.742 £ 0.017 20.721 £ 0.026 20.719 £ 0.025
A 0.0171 £0.0010 - 0.01620 +0.0001  0.01619 & 0.0001 0.01619 £ 0.0001
Ay ™ 0.1499 + 0.0018 - 0.1470 =+ 0.0005 0.1470 = 0.0005 0.1469 + 0.0003
sin6%: (Qrp) 0.2324 £0.0012 - 0.23153 4 0.00006  0.23153 & 0.00006 0.23153 £ 0.00004
sin?0%. (Tevt.)  0.23148 £0.00033 - 0.23153 £ 0.00006  0.23153 £ 0.00006 0.23153 £ 0.00004
Ac 0.670 % 0.027 — 0.6679 £ 0.00021  0.6679 % 0.00021 0.6679 + 0.00014
Ap 0.923 4 0.020 — 0.93475 4 0.00004  0.93475 £ 0.00004 0.93475 & 0.00002
ADS 0.0707 £0.0035 - 0.0736 £0.0003  0.0736 £ 0.0003 0.0736 + 0.0002
AY? 0.0992 +0.0016 - 0.1030 £0.0003  0.1032 £+ 0.0003 0.1031 % 0.0002
R? 0.1721£0.0030 - 0.17224 £ 0.00008  0.17224 4 0.00008 0.17224 4 0.00006
R) 0.21629 £ 0.00066 — 0.21582 4+ 0.00011  0.21581 4 0.00011 0.21581 & 0.00004
m. [GeV] 1.27 197 Yes 1.27 007 - -

mp [GeV] 420100 Yes 420100 - -

m; [GeV]V) 172.47 & 0.68 Yes 172.83 £ 0.65 176.4 £ 2.1 176.4 2.0

Aa) (M2) 8 2760 +9 Yes 2758 + 9 2716 + 39 2715 + 37

as(M3) ~ Yes 0.1194 £0.0029  0.1194 % 0.0029 0.1194 + 0.0028




/. — uu selection in the W mass

measurement

led muons, assoclated to the same

identif
+ 14 GeV of the known Z boson mass

tely charged

PV
e [Nnvariant mass

WO OppOoSs




JIhy — up and Y(18) — uu selection

o Calibrate the modeling of the momentum measurement

e A palir of oppositely charged identitied muons




Systematic uncertainty:

e Statistical uncertainties: 3 MeV

e Y(1S) mass: 2 MeV

« J/y mass: negligile

 Detector material: varied by 10%, 3 MeV

* Smearing modeling method: 5 MeV

1

smearing
q o5

Parameter

a (n < 2.2)

a (2.2 <n<44)
0

os (n < 2.2)

gs (2.2 <n< 4.4)

OMS

. An alternative form of and variations of oy«

coshy

 Radiative tails of J/yand Y(15): 2 MeV

30

+ A | o,
p p - N+ a, oy ( coshn)

Fit value

0.58 +0.10) x 10~
—0.0054 + 0.0025) x 1073
—0.48 £ 0.37) x 1076 GeV ™!

14.9 + 0.9) keV

(

(

(

(17.7 £ 1.2) keV

(

(2.015 £+ 0.019) x 10~




Systematic uncertainty: muon efficiency

o Statistical uncertainties in the trigger, tracking and identification
efficiency corrections




Systematic uncertainty: isolation efficiency

o Statistical uncertainty




Systematic uncertainty: background

e For the hadronic background

 [he data sample Is treated as containing a single hadron species




Systematic uncertainty: EW correction

* Higher order electroweak correction




Systematic uncertainty: boson pr modeling

ll\LUl//ou

e Renormalisation and factorisation scales

* Fully correlating the scale variations between angular coefficient numerator and
denominator: iInadequate uncertainty

« Recommendation: vary four scales independently by factors of 1/2 and 2, with constraint
- that all ratios that constructed from the four scales are between 1/2




Systematic uncertainty: PDFs

e NNPDF31 LO vs. NLO PDFs: 1 MeV

« NNPDF31, CT18, MSHT 20, a,: fully correlateo

Set OPDF base [ MeV ]
NNPDF3.1 &8.3

CT18 11.5
MSHT?20 6.5
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Systematic uncertainty: angular scale factor

. As ATLAS data are reasonably well described by O(a?) prediction
from DYNNLO (DYTURBO




Systematic uncertainty: high pr

dat sim




Systematic uncertainty: QED

e Final state radiation: PHOTOS, HERWIG, PYTHIA




Cross checks

[ —

o Orthogonal splits (5): polarity, charge X polarity, within 2o

 Fit range: variations in the upper/lower limits

e Fitfreedom: 3 a,or 1 o




W width

e Fixed to the SM value




