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The Standard Model of particle physics

three generations of matter
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m Masses of top quark, and W, Z and H
bosons related via loop corrections
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Introduction
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The W boson mass in the electro-weak fit
m In particular, m?, (1 — mi,/m%) = ma/ (V2G, (1 + Ar)),

m¢[GeV]

m CDF result 2022: in tension with SM and other measurements

with Ar containing higher-order SM and possible beyond-SM corrections
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LEP Combination
Phys. Rep. 532 (2013) 119
m,, = 80376 + 33 MeV

DO (Run 2

Phys. Rev. Leli. 108 (2012) 151804
MeV.

CDF (Run 2)

Science 376 (2022) 6589

2 Bhae Az vev

ATLAS 2017
Eur. Phys. . C 78 (2018) 110
m,, =80370+

ATLAS 2024
This work
= 80367 + 16 MeV/

Overview of m,, measurements

m EW fit would require mpoe 10 GeV higher
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https://www.science.org/doi/10.1126/science.abk1781
https://arxiv.org/abs/2204.04204
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Vector boson production and decay at the LHC

m Neutral-current Drell-Yan process: pp — qG — Z°/~* — 14~

m Charged-current Drell-Yan process: pp — q§ — W+ — (*v

do

Unpolarized cross section ouL
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Mass measurements at CMS

m Usual strategy: select events, reconstruct invariant mass, compare with prediction
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m Top quark mass from jets with 0.22%%* precision

*Using knowledge of W mass. W mass from jets ~ 0.5 — 1% due to jet energy scale and modeling

m Higgs boson mass from photons with 0.21% precision
m Higgs boson mass from leptons with 0.10%* precision

*Limited by 44 channel statistics, systematics are down to 0.05% already

m Goal for W mass: 0.02% precision (what ATLAS achieved)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
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Measurement of my, at hadron colliders

m Leptonic channel: neutrino prevents full reconstruction
— use lepton pr or transverse mass m% = 2p-‘}p-’}“ss (1 —cos A¢ (6, p-r}“ss))

CMS Simulation /s=7 TeV
T T T

— prw =0
- prw #0
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m Lepton py: Jacobian peak when W is at rest but smeared out at realistic W pt
m Extreme precision required: 1% change in lepton pr ratio — 100 MeV in my,

m mt less sensitive to W pt but poor resolution and difficult to calibrate
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https://arxiv.org/abs/1004.2597
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-14-007/

Experiment
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The CMS experiment

CMS DETECTOR
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Strong magnetic field, excellent tracker and muon systems

]
m Electromagnetic crystal calorimeter with excellent energy resolution
m Hermetic brass-scintillator hadronic calorimeter

]

Particle flow algorithm combines tracking and calorimeter information optimally
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https://cds.cern.ch/record/1129810?ln=en
https://cms-results.web.cern.ch/cms-results/public-results/publications/PRF-14-001/

Experiment
000

Excellent LHC performance

m Total integrated luminosity from Runs 1, 2, and 3 close to 400 fb~*
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m Huge number of W bosons produced at each ATLAS and CMS:
Nw = 400fb~ x 20000 pb = 8 billion W — u events

oW at 13TeV
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Price to pay: pileup

Experiment
[e]e] o]

CMS LumiPublicResults

m High instantaneous luminosity — multiple pp interactions per bunch crossing

Recorded luminosity (fb™'/1.0)
e n w S (5, o ~

o
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[ 2024 (136 TeV): <)
[ 2023(136 TeV): <
[ 2022 (1356 TeV): <)
[ 2018 (13 TeV): <y
1 2017 (13 TeV): <p>=38
2016 (13 TeV): <pi> = 27
[ 2015 (13 TeV): <p>=14
[ 2012(8 TeV): <> =21
[ 2011 (7 TeV): <> = 10

of?(13.6 TeV) = 80.0 mb
02(13 TeV) = 80.0 mb
(8 TeV) =730 mb

off(7 TeV) =71.5mb

o 5y 0

Q

N AR

Mean number of interactions per crossing

&Y

CMS Experiment at the LHC; GERN
Data recorded; 2016-Oct-14 09:56:16.738952 GMT
Run/ Event /1 5;283171/.142530805 /254

m Tracking copes well: tracks assigned to distinct interaction vertices
m CMS Phase-2 upgrades for High-Lumi LHC will include timing capabilities — 4D vertexing

m Calorimeters: energy deposits overlap and cannot be distinguished

Markus Seidel (RTU, LV)

Measurement of the W boson mass at CMS Oct 31, 2024 9 /39


https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Experiment
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Muon performance

LT - RS » 13.1 fb” (13 TeV, 2016)
) > 107g Trigger paths
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m Muons are easily identifiable even in high-PU environment
m Calibration possible via multiple known resonances

m J/V: mass uncertainty: 2 x 1078
m Z boson mass uncertainty: 2 x 107>

m Target precision for W mass: 1 x 1074
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CMS measurement strategy

Events/GeV

Data/Pred.

m Largest-ever dataset for myy: 16.8fb~* from second part of 2016 run
m 30 interactions per crossing — pT'** and mr resolution degraded
m Focus on muon kinematics — minimize experimental uncertainties

m Calibration from J/W resonance, reserve Z data as independent cross check
m Electron channel more difficult to calibrate, not needed with large statistics

m Profile likelihood fit to muon pt, 7, charge

m Based on Tensorflow to handle thousands of bins and systematic variations
m In-situ constraints on theory modeling from W data

05 16.81b”' (13 TeV)
T T
Prefit { Data B Z/y* - ppit
g =+ WS py W* - tv

B Nonprompt  HE Rare

by

1400
(o} . n¥) bin
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Key idea: W mass by likelihood fit
m Simultaneous fit of W mass and leading effects on W pt proposed in 2019

] and shapes different wrt

m Can float to absorb changes in the boson pr, actually improve fit quality
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m Now: allow for adjustments of more than 4000 nuisance parameters
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https://arxiv.org/abs/1907.09958

Strategy
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W event selection

. . . -1
m Events preselected by single-muon trigger with > A ‘ A28 (13 TeV)
) . () CMS Prefit t Data
5}
pt > 24 GeV and loose isolation S ol Prelminary X0t wmowp ]
c B T mm Nonprompt
m Muon pr 26 — 56 GeV, |n| < 2.4, 2 == 2y e ]
reconstructed in tracker and muon system oo
are

m Transverse impact parameter < 500pm and
additional isolation requirements
— suppress nonprompt background

m Veto events with additional “loose” electrons/muons 5 [T

_ B 105f = mus100Mev 1o Pred. unc. ]
with pt > 10/15 GeV a
— suppress Z — uu, tt, tW, diboson B

m Require mt > 40 GeV — further enhances purity SRR SR

m Selected 100M events with ~ 87% W — puv signal pY (GeV)
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Z event selection

m Exactly 2 opposite-charge muons with m,,, 60 — 120 GeV
m Z — pp signal purity 99.5%

W-like Z selection

m Remove 1 muon and treat it as undetected neutrino

m Split sample so that odd (even) events are used to analyze positive (negative) muons
m Muon pr 26 — 60 GeV, mt > 45 GeV, accounting for larger mz

«10%
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> T T T - T T T T
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° T
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0 200 400 600 800 1000 1200

!
1600
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m W-like my validates most aspects of myy (except those related to backgrounds)
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Analysis workflow
m Produced 4B W/Z events with full
detector simulation
m Custom NanoAod (CMS ntuple)

m Local analysis with RDataFrame on
256-thread machine

m Boost histograms for performance

/ primary  / ‘ _ ) W Central
/. daa /| Simulation | pohuction
) / ~weetlﬁ15/ . run on Grid
/ MiniaoD 4-mOMS_| cmssw ~days
_________________________________ L
J days / Nano / /"Nano / Private
L | CMSsw l AOD / / GEN production
\. — T run on Grid -

Ran 6-7 times in 5 years |

" v
, ‘ ¥ 1

| ~1-2h_/ Boost / " Corrections & :
Hist Type | Hist Config | Evt. Loop | Total | CPUEff | RSS '{ RDataFrame ‘ J Histograms / / systematics g
ROOT THnD 10 x 103 x 5D 59m39s | 74m05s 0.74 | 400GB ‘ ‘ e
ROOT THnD 10 x 6D 7m54s | 25m09s 0.27 | 405GB / Control plots
Boost (“sta”) 10 x 6D 7m07s | 7m1l7s 0.90 9GB ‘ /___ &diagnostics
Boost (“sta”) | 10 x (5D + 1-tensor) 1mb54s | 2m04s 0.81 9GB T 2min ~ - ~
Boost (“sta”) | 1x (5D + 2-tensor) 1m32s | 1m42s 0.77 9GB HDF5 writer ™! "> hdf5 tensor /—-{ Tensorflow fit
\ / \. J
. ~5-10 min
m Tensorflow 2 fit to handle large Top level analysis
) L. T 7 /" Values & uncertainties / framework
number of b|n5 and variations . Fitresults /gy Pulls & Constraints / WRemnants
N 4 / Prefit/postfit plots P4

m Contributors from multiple institutes,
analysis code on I

m Cl tests on partial dataset
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« Covered by CI |

Ran on daily basis (>1000 times)
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https://github.com/WMass/WRemnants

Calibration
00000000

Muon momentum calibration

Improve simulation parameters (increased Geant4 precision) — new MC production
Improved reconstruction

m Refit inner muon tracks with Continuous Variable Helix fit:

incorporates continuous energy loss and multiple scattering using Geant4 propagator

m Higher-accuracy B-field map from full 3D survey
Global alignment procedure using J/W — pu events

m Determines position and orientation of silicon tracker modules

m Additional parameters for B-field and energy loss

~ ——detector layers ¥ real hit position % reconstructed hit position - - real trajectory — fitted track

ERIEIGE CMS CFT-09-015 alignment biases: sagitta and length-scale FAUSARNlORe TPl IEuES
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https://arxiv.org/abs/1110.0306
https://arxiv.org/abs/2202.02562
http://cds.cern.ch/record/1215500
https://cds.cern.ch/record/2723878

Muon momentum calibration: after global corrections

p¥ scale

m Bias of simulated muon
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m Validate functional form of final calibration
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scale vs pr and charge after each
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Calibration
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p¥ scale

104 (13 TeV)
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Calibration
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Muon momentum calibration: final corrections

Final correction for data/MC differences of track curvature k = 1/pr

p¥ scale

%1074 (13 TeV)
T T T
sol- CMS ]
Simulation Preliminary
60 . 4
Global corrections
-23¢<n"<¢-22
40+ -
20 i

~+ Simulated muon data
= Calibration model
L |

20

o *?WM%+ ]

L L
-150 -100 -50 0

L
50

100 150
apf (GeV)

m Fit J/W mass in bins of muon kinematics 0™, pf, 7™, py,

m Extract n-binned calibration parameters
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Muon momentum calibration: validation & uncertainties

m Charge-independent (B-field-like) and charge-dependent (alignment-like) residuals
m Closing in J/V, validated in Y/(1S) and Z — 11 events

pY scale

0 16.8 fb~! (13 TeV)
T T

CMS Preliminary
sl

IS
T

o

o

4+ x%ndf=24.2/24 ]

JFJF $+ﬂ+

S

e

+ Zopp
+ Youp ]
+ Jg-pp

Calibration uncertainty (scaled) b

Calibration uncertainty
L I ! I

L
-2 -1 0 1 2
n

curvarture bias (GeV~')

x10*f

16.8 fb~! (13 TeV)
T T

T
10l CMS Preliminary

+  xZndf=51.1/24

=y
-
T
=
I'g
i+
Pl

_a0l- Calibration uncertainty (scaled)

Calibration uncertainty

-2 -1

0

1

2

n

m Non-closure with Z is small, added as uncertainty, not as input or correction
m J/W calibration uncertainty scaled by factor 2.1 to account for possible correlated biases

m Total muon calibration uncertainty — +4.8 MeV on myy,
ATLAS: 7 MeV from Z calibration, CDF: 3 MeV from J/V,Y,Z
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CMS MUO-16-001

Muon efficiencies: tag & probe method

m Muon efficiencies determined using tag&probe method in J/W or Z — uu events

m Select muon pairs with m,,, close to resonance mass:

m tag muon fulfills tight selection criteria
m probe muon fulfills loose selection criteria

m Fit resonance in categories of passing/failing probe criteria — € = Npass/ (Npass + Nrail)

s- - - /—Dnl-myan-Dlm-- ] Failing TagProtes | —\
e 1 . . -
2 ] Las
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E 0.98 3
(I Euu T
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0.96 =
‘f} £
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0.9 E
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4 5 6 78910 E " s ! 28 3 a8 a a8
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20 2.5 3 as
muan p. (GeVic) l\\_ Invaniant Di-Lepton Mass (Gevic’)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/MUO-16-001/index.html

Muon efficiencies for my,

Data/ MC efficiency scale factor

Ratio to fit

Calibration
0O0000@000

m Measured in Z — pu events, fine-binned in muon 7, split by charge

m Interpolated over muon pt and hadronic recoil ut (affects probe isolation)

CMS Preliminary

16.8 fb™ (13 TeV)

RN A A DA AN R AR R

x10° CMS Preliminary

16.8 fb™ (13 Te!

12
11 Reconstruction: 1.7 < n < 1.8 g .\I\F ~ptv No uj eff. corr.
—}— Nominal Model + unc. x?/ndf=3.0/6 o
0.99 L Atemate —— Alt. model x/ndf=6.9/6 — My + 100 MeV - my, - 100 MeV
il ,J)
0.98[| =y
[ =1
0.97H q
0.96 q
=104 T T
[ A N Y SN I N | O N T 1,005} [ stat. unc,
DS A A BARAN AR RN AARAN N KA AN KRN
1.01f =
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Positive muon P, (GeVv)

m Good closure in Z events, 3000 nuisance parameters — +3.0 MeV on myy
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Missing transverse momentum p7'®

m pMss = negative vector fr sum of all visible final-state

particles aka recoil
m Resolution typically 15 — 30 GeV, depending on PU and pt

m DeepMET algorithm: learn optimal weights of individual
PF candidates for improved resolution and PU resilience

CMS Simulation Preliminary (13 TeV)
c T T T T T
. % — DeepMET
sharge 20 2 0.025[. — Particle-flow MET ]
0.
2
st ) g
0.020 E
%11 |
’ 0015 E
T Conti
s
™8 0.010F ,
Pis Piy: 22 pros = —(Z Wiptx + bi) 0.0051- ]
e T Py = —(Z WiPLy + biy)
Thesis Y. Fen L L L L
0.000y 20 40 60 80 100 120
m}” (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/JME-17-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-001/index.html
https://cds.cern.ch/record/2744871?ln=en

Calibration
000000080

Recoil calibration

m Hadronic recoil in Z — upu events should balance against g1 = p-%
m Calibration derived in bins of g1, applied to W with inverse CDF method

‘35.9 fb'1 (13‘ Tev) 10 X107 16.8 f‘b" (1? TeV)

% 10° T T £ T T
<} CMS <+ Data o CMs { Data
© a0 [rop quark 2 gl Preliminary - Wiy
8 [Epiboson [ B Nonprompt
3 : *
é 10 Oz - e w osk - Z/Y - P/t 1
Woe [Euncertainty : W# =t
B Rare
10° 0.4
hadronic recoil -
0.2
i ;
10°
P 0.0
10 s T T T
B 1025 Pred. unc. E
a
2 o .
O T T ] G1.000F ettt teesseyeavies
Q sk ; S1000f  antittete e Lot
& a
g 1 + ¥ { 0.975F E
3 0.5 1 1 | 1 1 1
0. 40 50 60 70 80 90 100 110 120

|
00 -150 -100 50 O 50 100 150 200 s
ATLAS Report G. Eppler uy+ g, [GeV] myPT (GeV)

m m7 used only for event selection, impact on my, < 0.3 MeV
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-14-007/
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Calibration
O0000000e

Nonprompt muon background

m Mostly from QCD multijet events with heavy flavors relative

1 ]
| I
) ] ) isolation } !
m Data-driven estimate using extended ABCD method A Al C
- . . I ]
in mt and isolation, D = CA(B?/ (BA?) 015 ----- == oo m oo
m Validated using QCD simulation and HF-enriched B« B | D =signalregion
control region with muons from secondary vertices ‘ ) >
g y 20 40 mr [GeV]
m Impact on myy: 3.2 MeV
onlet 16.8 o' (13 TeV) 10t 16.8 b~ (13 TeV)
Ea' CMS " prefit | ‘ f Data L 51,2— dMS " preit [
% a Preliminary = Nonprompt 2 Preliminary = Nonprompt
g3 = Prompt g 1or = Pompt |
daughter muon & o

of primary

primary particle

. e.g. aD or B meson ; ! ' ; i !
d\ . [¢] g Pred. unc. g 11k Pred. unc. 3
AN & , o Rt R I N
5 pan = . ‘ ‘ n
£k * "¢"H“, £ 10 ""¢‘ Yy u““' AL
a 0 gof * [
ATLAS Thesis M. Scherzer 0.8k L L L | L t; ! ! ! | |
30 35 40 45 %o % 20 1.0 0.0 1.0 2.0
pr (GeV) n*
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W/Z boson pr modeling

do /dpr

Theory modeling

@00000

m Most W/Z bosons produced at low-pr, theory description requires resummation of
multiple gluon emissions and non-perturbative model (intrinsic k;)

m MC prediction: Powheg MiNNLO + Pythia 8 parton shower — NNLO+LL accuracy
m Reweighted to resummed calculation SCETlib4+DYTurbo — N3LL4+NNLO

Peak
Resummation Transition

Tail
FixedOrder

Markus Seidel (RTU, LV)

Events/GeV

Data/Pred.

10 16.8 b~ (13
T
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T

6 CMS‘ ¢ Data

Preliminary--- MINNLOps  mm Other

. Z/y* 5 pp/tt g

Events/bin

x10°
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MiNNLOps ~ mE Other

°
4
R e o
= s
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| | | | | | | | | |
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Pt (GeV) ot (GeV)
Measurement of the W boson mass at CMS Oct 31, 2024 25 / 39



pT uncertainty model

m Theory nuisance parameters instead of scale variations for resummation
m Coefficients in the resummation, meaningful shape variations, constrainable from data
m N3OLL scheme: perturbative structure at N3LL, with TNP variations around known values
m Also tested N*LL schemes but would need to be matched to N3LO

x10°

o

[ cms

Simulation Preliminary
1.0F
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=]

. T T T
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® 106f 2 o
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O 102F 15
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0.98F
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E'cMs
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T T T

T
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dv BF
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ata/Pred.

T
== quS BF
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— Softfunc.

(X3
IR PEARR:

‘ ‘
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Theory modeling

0O®0000

CMS Preliminary ~ 16.8 fo™' (13 TeV)
T T T T T T T
F+  N3*'LL+NNLO
F4 N4*OLL+NNLO —_—
F pf rwgt.
f={ Combined p¥ fit .
== Nominal £0p¥mod. e
-
L L L L 1
+2.0 MeV
mw (MeV)

m Scale and matching uncertainties for NNLO part, variation of heavy quark masses
m Non-perturbative model with 10 parameters inspired by lattice QCD
m In total 32 nuisance parameters — +2.0 MeV uncertainty
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https://indico.fis.ucm.es/event/20/contributions/529/
https://arxiv.org/abs/2201.07237

Theory modeling

00e000
Parton distribution functions

m PDFs parametrize probability to find initial parton with momentum fraction x
m Determines the energy available for the W production — impact on pt spectrum

x10°CMS Simulation 35.9 fb? (13 TeV)
e

j2]
=S B _ . E
g 0 -wloOwg W
- - /4_—\ F
by = Sy « By LD we
P - 3 p

<sginrl/2; Spin (;pin 1/2

m Left-handed valence quarks have higher x than right-handed “sea” anti-quarks

— forward (central) W bosons most likely left-handed (right-handed), imprint on lepton 7
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https://arxiv.org/abs/1004.2597
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-012/

Theory modeling

000e00

Parton distribution functions

m Consider 7 different PDF sets, profiling their uncertainty eigenvectors

m Derive scale factors to cover my, extracted with other PDFs

Impact in my (MeV)

c 25x105‘ ‘ ‘ 16.‘8 fb! (13TeV) PDF set Scale factor Original oppr  Scaled oppy
c st iz vl
o CMS { Data = Nonprompt CTI8 _ 46
,g Preliminarymm w+ - uv W 5 v PDF4LHC21 - 41
o mm Z/y* > ppitt EE Rare MSHT20 15 43 5.1
] MSHT20aN3LO 15 42 49

NNPDF3.1 30 32 53

NNPDF4.0 50 24 6.0

T T T
CMS -~ CcTi8z
- o o cT18
- Preliminary " o NNPORO
N 1.075F T T E
© i
© PDF4LHC21  MSHT20an3lo
- < NNPDF31
55 1.0s0f — MSHT20 --- CTi8 E B
° —~ NNPDF40 I CT18Z:ig HE pl il
omoesf e
©
T 4 000 - e
e
L L | L L |
20 1.0 0.0 1.0 2.0 2.4 VeV
" +4.
n my (MeV)

m Very good consistency between PDF sets, CT18Z as default PDF — +4.4 MeV
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Theory modeling
0000e0

Angular coefficients
m W/Z production and decay cross section can be decomposed as
de 3 dc‘!UL

= [(1 +cos? 07) + Z Ailpr,m.y) - P,;(cns()‘.q‘;*)]

Angular coefficiencts ~ Spherical harmonics of
(Predicted by pQCD) decay angles in CS frame

dp? dm dy deos 8 dg* 16w dpa. dm dy
N e’ N e

Kinematics of W/Z

m A;'s change relationship between boson and lepton pt < ;’Nioi;ldaa P S

m Measured by ATLAS and CMS for Z bosons "8‘-Lfo Eﬂ_*;

m Prediction by MiNNLO MC consistent with fixed-order ET = E

calculations “ = E

m Smearing effect from Pythia — additional uncertainty 3 — E
m Evaluate NNLO scale uncertainties in 10 bins of p¥ 2
— uncertainty from A;'s +3.3 MeV é
o

P, [GeV]
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https://arxiv.org/abs/1504.03512
https://arxiv.org/abs/1708.00008

Theory modeling
00000e

Higher-order electroweak effects

QED final-state radiation

m Most important effect but already simulated in nominal
MC sample: MiINNLO + Pythia + Photos++

m Including ME corrections and lepton pair production

m Compare to MEC off and alternative generator (Horace)

m Impact +£0.3 MeV

QED initial-state radiation

m Full QED ISR shower vs turning it off in Pythia

m Impact < 0.1 MeV

Virtual corrections

m Estimated at NLO with Powheg for Z, Renesance for W

m Largest impact: +£1.9 MeV

— total impact on myy: +2.0 MeV
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Z boson mass from Z —

Events/GeV

Data/Pred.

m Extracting mz by fit to dilepton mass
m Agreement with PDG: mz — mPC¢ = —2.2 +- 4.8 MeV

m Due to calibration uncertainty not an independent measurement of mz (yet)

108 16.8 o' (13 TeV) 108 16.8 fb~! (13 TeV)

12 T T T T > 12 T T T T
cMS } Data & fcms ¢ Data
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o6l =18/24 (0=80%) R ool =15/24 (0=92%) R

0.4F B 0.4F 1

0.2f ] 0.2f ]

T : T T T T
Pred. unc. 4 @ [ === mz+4.8MeV Pred. unc. b
t w ottt a
t 4 =
1.00F L R <
t A ©
4 4 a
0.98[2 1 L L ! ! 1 L ! !
60 70 80 90 100 110 120 60 70 80 90 100 110 1
My (GeV) My (GeV)

m Checked stability of result
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One n¥ <0

Both n# >0

Inclusive
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Z validation
@000
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L " i
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— Stat. unc.
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Z validation

0e00
Z boson pt from Z — uu
m Fit theory model to dilepton prt to verify it can describe the data

105 16.81b™' (13 TeV) <105 16.8 fb~! (13 TeV)
> T T T T > 6 T T T T T
8 CMS { Data . Z/y* - ppit 8 CMS PZOSi;i‘df t Data
@ Preliminary--- MiNNLOps ~ HEE Other > Preliminary Xsa." ro ™7V > pp/tT o
% o ,% =20.919 (p=16%) g ot -
> >
w w

T
Pred. unc.

g B hT T 5

J o - .
a 1.0 o [N

= = =i b =

] I s M

< . ©

a a

1.005
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=]
=)
o
_
=

e
0.9F Fixed-order+matching CS-Nonpert.
’ Resum. TNP Nonpert.
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! ! ! !
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m Initial discrepancy due to untuned NP parameters, fully absorbed
m Postfit description at the 0.1% level
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Z boson pr from W-like Z — iy

Events/bin

Data/Pred.

Z validation
[e]e] o]

m Run full W-like fit using single muon (pr, 7, charge) in Z events, other muon ignored

105 16.8 fb~' (13 TeV) 105 16.8 fo-! (13 TeV) 10! (13 TeV)
T T T T T > T T T T T = T T T
cMS { Data =2y ope ] @ oL CMS Posti + Data o . CMS t  Unfolded data 1
5[ Preliminary--~ MINNLOps W Other 1% Preliminary X 1/’;‘/13’3(,)_990/) Z/yt o/t g Preliminary — "y
) E sE = 7 mm Other 4 e — mz (p}.n",q¥)
o .S Ny — prefit ]
bt
&
o ¢
<]
NI
0 Il Il Il Il Il
'd T T T T T E
== mz+14MeV Pred. unc. e
&1.005 ‘ 4 810
1% Pt bbbl g L e B =—
a Fixed-order+matching GS-Nonpert, | & 10 = R 2 (pr", yH¥) B
09 R e o 1 * T T‘ ‘ ‘ § 09 == v == prefit
esum. TNP Nonpert. 0.995F * H o == mz (pr.n%.q%) p
I T R R R T R 0 10 2 30 20 5%
pt (GeV) pt (GeV) pf (GeV)
m Theory model is able to accommodate lepton pt very precisely
m Good agreement between W-like and dilepton pr fit
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Z boson mass from W-like Z — iy

m Nominal W-like result: my — mEDG
m Reversed event selection: mz — EDG
10% 16.8 fo! (13 TeV)
T T T T
g sk EMS )F;osml 4 ;ata
by reliminary 4 . Z/y* - pp/tt
% b <1733 (p=99%) o o - E
@
ko ‘ 14‘M V P ‘d ‘ ‘
== mzzx e red. unc.
51.005 z " | B
S 4 000 flazfdebe ) boodeds IR
8 A
osesf ]

Z validation
[efe]e] )

= —6+14MeV, mjy — m; =31 +32MeV

=8+ 14MeV, my — m; =6+ 32MeV

CMS Prellm/nary

i

[

!
B .

I e my flt
== Nominal W-like mz fit
=~ W-like my fit (even « odd)

m Good agreement with my, fit and LEP/PDG value

— Demonstrated ability to measure my without direct access to p1‘-/ spectrum!
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W boson mass fit

m All ingredients in place to run the final fit!

Events/GeV

Data/Pred.

0.998

1.002f

1.000F

108 16.81b™" (13 TeV)
"AMe  Postit b pam . Impact (MeV)
CMS Postfit t Data P
baiinar -] Source of uncertainty Nominal Global
== Nonprompt Muon momentum scale 4.8 44
- @V_:\‘)‘ W Muon reco. efficiency 3.0 23
= Rare W and Z angular coeffs. 3.3 3.0
Higher-order EW 2.0 1.9
py modeling 2.0 0.8
PDF 4.4 28
Nonprompt background 3.2 1.7
— — Integrated luminosity 0.1 0.1
: === mw=9.9MeV Pred. unc. ] MC sample size 15 3.8
A I—. T Data sample size 24 6.0
s -+ Total uncertainty 9.9 9.9
R T R R R
pr (GeV)
m Total uncertainty +9.9 MeV — most precise measurement at the LHC
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Result
00000

W boson mass result

CMS Preliminary
T ‘ T I: T

my in MeV I
LEP combination | 80376 + 33 |—i—.—| —
Phys. Rep. 532 (2013) 119 H
DO | . e_._‘ |
PRL 108 (2012) 151804 80375+ 23 |
CDF | 804335+ 9.4 : ——

Science 376 (2022) 6589

LHCb | 80354 = 32 |—L—| —

JHEP 01 (2022) 036 I

ATLAS | 80366.5 + 15.9 — -
arxiv:2403.15085, subm. to EPJC |

CMS | 80360.2 + 9.9 e .
This Work o i == EW it

\ I \ \
80300 80350 80400 80450
my (MeV)

m Compatible with the Standard Model expectation

m In clear tension with CDF measurement
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Stability checks

Result
00e00
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Helicity fit

m Alternative fit setup with reduced model dependence
m Free-floating p¥ and y" (8x7 bins), loose constraints on Ag_4
. 7i‘T:MS‘ ‘ 1:;'8;:: (13Tev) CMSPr?liminary ‘ (13 TeV)
(\2 6F Preliminary 2y - pp/tt g Main result ——
5 sb = Oter Y. S R
Lk Postii E Poyx 05,8y, x2 b
3 {22/371’9 (p=39%) 3 Aoy x0.5, 00, x5 i
2 3 Helicity Fit o
, E Agyx18g, <2 ——
) ) Do, x 1,864, x5 —to—
5 13 T T T A, x2,Ag,,, x 1 —to—i
g 14, Predune E Doy x 2,0, %2 I
§ ;s;\: - ] Avaxz,A%ngs —— |
0 N 80260 80310 80360 80410 80460
PY¥ (Gev) mw (MeV)

Ratio to prefit W — pvcross section (pb/GeV)

Result
00000

arXiv 1707.09344

x10°% (13 TeV)
T T T T T
r CMS —— Helicity fit postfit  --- prefit

b Preliminary

T T T
== Helicity fit postfit == prefit

I

m Z pr predicted from W-like helicity fit agrees with measured pr (¢¢)
m Difference to main result 0.6 MeV, with slightly larger uncertainty +15.2 MeV

m Extracted W pr, y spectrum agrees with prefit model

Markus Seidel (RTU, LV)

Measurement of the W boson mass at CMS

Oct 31, 2024 38/ 39


https://arxiv.org/abs/1707.09344

Summary

m First measurement of the W boson mass by CMS!

myy = 80360.2 + 9.9 MeV

m Most precise at the LHC, in clear tension with previous CDF result

LEP combination
Phys. Rep. 532 (2013) 119
DO

PRL 108 (2012) 151804
CDF

Science 376 (2022) 6589
LHCb

JHEP 01 (2022) 036
ATLAS
arxiv:2403.15085, subm. to EPJC
CMS

This Work

m Good agreement with EW fit — “The standard model is not dead”

CMS Preliminary
mv:} in Me‘V ‘ ‘ ‘ ‘

|- 80376 + 33 [ e—— _
|- 80375 + 23 [ —— —
|- 80433.5+9.4 | _
| 80354432  pby _
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|- 803602 9.9 e —= EWfit
80300 80350 80400 80450
my (MeV)

m Documented in — to be submitted to journal soon
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