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The W boson in the standard model

The standard model (SM) predicts precise theoretical relationships
among its fundamental parameters
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The W boson mess

» “Theoretical” prediction from global electroweak (EW) fit: mw=80353 * 6 MeV
» Experimental average (excluding CDF 2022, see here) :mw = 80 369.2 + 13.3 MeV

» Mot recent CDF result in significant tension with SM and other measurements
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https://arxiv.org/abs/2308.09417

W bosons at hadron colliders

Leading order production from qq’ (possibly initiated by gluons)

» valence-sea quarks at the LHC, while valence-valence at Tevatron

Flavour and momentum of initial-state particles determined by the parton
distribution functions (PDF) of the proton

» Unknown center-of-mass boost along beam axis

» Can exploit momentum conservation only in transverse plane (orthogonal to beams)
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Choice of decay channel

Hadronic decay not feasible at the LHC W boson decays

® v
@ hadrons

» Huge QCD multijet backgrounds

> Jet energy resolution about 5-20%

Choose leptonic decay
> Single muon or electron, well measured
» Undetected neutrino, cannot reconstruct full final state

: . - . - .
» Estimate pt¥ as missing transverse momentum pymiss = - (pT8+13’Trecoﬂ)

Hadronic recoill
(jets)
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Choice of observables

Lepton-neutrino transverse mass mr

>y = \/ 2. pl . piiss (1 — cos Ady,)
» Depends on prmiss, limited by resolution

» Almost Lorentz invariant, minor ptW dependency

Charged lepton p+®
» Most precisely measured (~ 0.1% accurate)

> Very sensitive to PDFs (W polarization) and ptW

» Amw = 10 MeV implies < 0.1% variation in yields

» Need outstanding control over experimental and
theoretical uncertainties (they vary the shape)
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Where it all starts

> Pileup severely degrades resolution on pymiss

> prt based mw measurement more suited in high pileup environment

CMS Experiment at the LHC, CERN
Data recorded; 2016-Oct-14 09:56:16.733952 GMT
Run./ Event /1.S:283171./ 142530805 /254,

N\

Do you see the muon track ?



A single muon event




CMS measurement

Use 13 TeV data (higher PU than 7 TeV used by ATLAS)
» Well-understood subset: 16.8 fb-1 from later part of 2016

» ~100 M selected events, largest W sample ever used for my

Focus on muon channel and prt# (resilient against PU)

> Larger systematic uncertainties
for mr or electrons at high PU

Crucial technical aspect

2z Constrain uncertainties in-situ
using W data directly

» Reserve Z->uu data only for
independent validation, and
not to reduce theoretical
uncertainties in W production
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Transverse slice of CMS (Compact Muon Solenoid)

“Particle flow” reconstruction
Magnetic field B = 3.8 T inside tracker
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Analysis strategy

Binned profile maximum-likelihood fit to 3D pr#-n®-q* distribution

> Experimental techniques and tools largely from W rapidity-helicity measurement
(2020), which established strong in-situ constraints on PDFs from fit to pt¢-n¢-q®

Nk = - log[tan(6/2)]
> ptH directly sensitive to my

» nk-g* maximally sensitive to PDFs (details in backup)

Example for positive charge (1440 ptH-n* bins) ]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-012/index.html
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Computational challenges

We have 2880 bins to fit, with ~5 thousand systematic variations
» Optimized fit framework based on Tensorflow

» Commonly used RooFit/Minuit not suited (numerically inaccurate and unstable)

Details on technical aspects of the analysis in this EP/IT seminar

Example for positive charge (1440 ptH-n+ bins)
48 nH bins in [-2.4, 2.4] x 30 pt+ bins in [26, 56] GeV
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https://indico.cern.ch/event/1464211/

Enabling feature of the measurement

Variations in theoretical modeling of W boson production have a different effect on
the shape of pt*-n®-q+ with respect to a shift in my

> Systematic uncertainties disentangled from mw AND constrained in-situ by the data
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Event selection

Simple single muon selection

III

» Track quality criteria (“global” muon)
» Muon ID and isolation

? mt>40 GeV to suppress nonprompt muon
background (mainly QCD multijet production)

Results in 100 M selected events

» ~90% signal purity
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W-like mz analysis

Measure mz in Z-> UM events using single muon pr#-nk-g+

» Other muon summed to pymiss

> Analyse u* (i) from even (odd) events to get statistically independent samples

Validate technique and some experimental aspects in background-less environment

> Also essential tool to test theory modelling and understand implications for pr#-n®-g+

Example for positive charge (1632 pt+-n+ bins)
48 n* bins in [-2.4, 2.4] x 34 pt* bins in [26, 60] GeV
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The path towards mw

Ancillary measurements, all kept “blind”
until all relevant aspects were finalized

» Sequential unblinding strategy 'a \ ,
\ One does not simply
measure the W mass

.. W-like mz with one muon Mw
mz in dimuon

~ Validate analysis technique, - Additional challenges:
and (some) experimental prompt/nonprompt
and theoretical inputs backgrounds, orthogonal
theory uncertainties

~ Validate muon momentum
scale calibration
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Muon scale calibration

Performed with quarkonia: mainly J/y->pp (narrow, width/peak ~ 10-5)

» Z used ONLY as an independent cross check to validate corrections/uncertainties
> Different from ATLAS, similar to CDF

» Extrapolation from J/{ to W and Z requires extreme control over pr dependence

13.1 b (13 TeV, 2016)
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Muon scale calibration

For pt* < 200 GeV, momentum measurement driven by inner tracker

> External muon chambers only used for trigger and identification

Momentum calibration fully focused on silicon tracker (pixel + strip)
2 Fiducial acceptance upto |n| =2.4
» Up to ~17 points per track, single-hit resolution of 9-50 um

> Challenge: significant amount of material
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Challenges for precise momentum scale

5 H
? Target for ~40 GeV muons: LMT <107 (6mw ~ 8 MeV)

Pr
? Translates to |6s| < 600 nm for sagitta

However

> Relative alignment of all tracker modules NOT
known to this level

» Material only known within 10%
> A priori knowledge of B-field ~ 10-3

Accurate calibration in data mandatory

2z Also in simulation itself ...

CMS-TRK-10-003
JINST 5:T03021,2010
Symmetry 14 (2022) 169
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Muon scale calibration

Physics-motivated model to predict pr scale bias arising from:
» Magnetic field (A)
» Energy loss due to material (€)

2z Alignment (M)

Ok
— = A—¢ck+qM/k
k
If the tracker is misaligned ...the track will be reconstructed as
k — 1 /pT and we don’t know it... if the tracker was aligned

N.B. in a silicon tracker, multiple scattering must be explicitly accounted
for in the track fit (e.g. with Kalman filter, Generalized Broken Line Fit, ...)

> local biases in magnetic field, material, alignment (or small biases in simulation or
reconstruction), can lead to additional non-trivial pr* dependence of curvature bias
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Out-of-the box picture

» ptH scale bias versus g¢- prt*in simulation

» Significant bias and inaccurate model
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Out-of-the box picture

» ptH scale bias versus g¢- prt*in simulation

» Significant bias and inaccurate model
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Muon calibration: sequential strategy

2.

3.

4,

P

P

P

P

P

Fix/improve nominal precision of simulation

Approximations in track-surface intersection point in Geant4

Refit tracks with new method specifically developed for this analysis
Continuous Variable Helix (CVH), replacing Kalman Filter
Prioritize accuracy over speed (10x slower)

Geant4e propagator with refined treatment of material and multiple scattering

Generalization of global alignment procedure to correct local biases

Module-level (“layer-by-layer”) corrections to B-field and energy loss, with
additional degrees of freedom for translations and rotations

Based on track pairs from J/P—>pp with common vertex and mass constraint

Final scale corrections for residual differences between data and simulation
Mass fits to J/P—>puu events

Residual resolution corrections from J/{ and Z = pu using related
parametrization for multiple scattering, hit resolution, and correlation terms




p+ scale

Muon calibration in action

» Evolution of pt# scale bias versus pt#-g+in simulation in the forward n#bin

» Both CVH refit and global corrections are needed to restore the model validity
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p+ scale

Muon calibration in action

» Same in more central n# bin

» Start with significant material mis-modeling, already improved by CVH track fit

Note: model eventually accurate up to pr+ =150 GeV 5_k = A—¢ck+ qgM/k

k

» For W and Z, mostly care up to pt* ~ 50 GeV
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Final parametrized corrections

> Mass fits to J/P—>pp events in fine 4D bins (pri+, Nk, pri-, ne)

> Global x2 minimized over N bins to extract calibration parameters at single muon
level, binned in n* and parametrized vs prt+
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Validation and uncertainties

Calibration validated by correcting muon scale and refitting resonance mass

» Small non-closure between J/Y and Z, mainly from alignment

Inflate stat.unc. on calibration parameters by 2.1 to cover all possible correlated

patterns of bias across n from systematic effects not explicitly accounted for

» Checked with bias tests: inject non-closure, target my bias < calibration uncertainties
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-6 Calibration uncertainty (scaled) B
i Calibration uncertainty

_8 i 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

-2 -1 0 1 2

Charge independent closure !

(B field)

curvarture bias (GeV-)

x10-6 16.8 o' (13 TeV)
T T T T
20l CMS Preiiminary + x%ndf=51.1/24 1
20 + + + -
[ t ++ f + +
0 #T T+ L L T , +
' TTOTF £ T T ﬁ
f + o+ f
2017 + Zopu 1
i + Yoy
+ Jp o
_a0l- Calibration uncertainty (scaled) N
Calibration uncertainty
A R ERRRR R R

-2 -1 0 1

Charge dependent closure
(alignment)
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Uncertainty model for mw

Nuisance  Uncertainty

Source of uncertainty parameters in myy (MeV)

]/ calibration stat. (scaled x2.1) 144 3.7
Z. closure stat. 48 1.0
Z. closure (LEP measurement) 1 1.7
Resolution stat. (scaled x10) 72 1.4
Pixel multiplicity 49 0.7
Total 314 4.8

We include Z statistical uncertainty associated with J/ versus Z closure
2 It is the maximum precision with which our calibration can be validated (1.0 MeV)

» CDF did not propagate them in their my measurement (would be ~ 7 MeV)

Also keep mz uncertainty from LEP measurement (mz=91187.6 +- 2.1 MeV)

» Scales as mw/mz in mw extraction (1.7 MeV)
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The ultimate validation: extraction of mz;

> 2D profile-likelihood fit to m, and n* of the most forward muon

P mz - mzLEP = -2.2 +4.8 MeV (Spllt as + 1.0stat + 4.6ca|ibration + O.Sother MeV )

Not (yet) a fully independent measurement for inclusion in the world average

2 J/U versus Z closure was used to tune the calibration, and enters uncertainty model

x108 16.8 fb~! (13 TeV)
> 1.2 [ttt L L L
& | CMS { Data ]
» 1.0 Preliminary B Z/y* - pp/tT o
< i Bl Other
°>’ 0.8 Prefit (hormalized) _
LLl [ x2/ndf
0.6 = 18/24 (p = 80%) B
0.4 .
0.2 N
0.0 Lo—ar
S 1.02F L N
& ! AN -
= i byt 1
© 1.00F R ; ]
© i + ++, ¢ ]
0 ; ?
0.98_ 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 \_
60 70 80 90 100 110 120
My (GeV)

Prefit (hormalized)

Events/GeV

Data/Pred.

1.2

1.0

0.8

0.6}

0.2

0.4

108 16.8 fb~! (13 TeV)
[ttt L L L
- CMS ¢ Data 1
— Preliminary W Z/y* > pp/tt
i Bl Other
L Postfit -
[ x?/ndf

=15/24 (p = 92%) B

0.0 b—ae

1.01}

1.00f

S—
T

60\ L L \70\ \80\ L L

110
My (GeV)

I I N | L]
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Postfit
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Muon efficiencies

Data/ MC efficiency scale factor

Ratio to fit

—

0.99

0.98f

0.97

0.96 ]

1.02%

Data/MC scale factors (SF) measured in Z->pup events with Hadromic otz
tag&probe, differentially in p selection stage and pr#-nk-g# P
» Reconstruction * tracking * identification * trigger * isolation
probe u
> Trigger/isolation also binned in ur to account for contribution of
hadronic recoil to isolation sums (different between W and 2) Ur — PT pT
» Smoothing of SF with 1D(2D) polynomials versus pt#(-ur) ‘pT‘
CMS Preliminary 16.8 b (13 TeV)
Reconstruction: 17 << 18 7| |_ et  168®I(8TeV) g0 168 (13TeV)
-—+— Nominal Model +unc. »2/ndf=3.0/6 | é 1_50_ CMS Pref't (normalized) ¢ Data . é 1,50— CMS P::eﬁt (normalized) ¢  Data .
B i 2 - Preliminary q2/ ; - Z/yt s ppit | 2 - Preliminary ?(2/;0-7 7/t o pptt
:H—% Alternate —— Alt. model 2 /ndf=6.9/6 : 51_25:_ _79/95(,):88%) = Other E 51_25:_ X 7665 (o537 W Other E
|t gg
T
] 0.00 0.00
. 1.06 ————————— ‘ . 1.0 ———————————————— ‘
8 I Pred. unc. 1 8 I Pred. unc. 1
_|III|IIII|IIII|IIII|IIII|IIII|:::l::::_ & : + +++ et . - . . *+ ++:& :++ + . . . + ; :
T | | £ et A g oopin e e e e
1 I S O S AR SRS AT SRR B I S AR SR AR SR N \‘7
S e 0957330 -1.0 0.0 1.0 2.0 095750 -1.0 0.0 1.0 2.0
25 30 35 40 45 50 55 60 65 nH nH

Positive muon P, (GeV)

Omy ~ 3 MeV
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W/Z production and angular dependence

Differential cross section, decomposed in terms of angular coefficients A; or

helicity cross sections o;=0oy."A;

>z Ajdepend on p7¥ and rapidity YV, and multiply spherical harmonics of decay angles

> oyLand A;predicted by SM up to uncertainties from PDFs and QCD/EW higher orders

VW 1 | E+p, Unpolarized
2 %%E—p, cross section ouL
d>c 3 do )

dp2 dY dmdcos8dg  |167 dp2 dY dm

Vyp

1
X [(1 +cos” 0) +AO§(1 —3cos” 6

1
+A1sin26 cos ¢ —|—A<_>§ sin® 6 cos 20

+A3sinB@cos @ +Aycos6
+Assin® 0sin2¢ + Agsin26 sin @

+A7sin 6 sin ¢]

Angular decomposition valid
at any order in QCD




Lorentz boost of €v pair: ptW

> High ptW: precisely described by fixed-order calculations (perturbative QCD)

» Low ptW: large theoretical uncertainties

do/dq_ [pb/GeV]

ratio to N*LLa

> Soft gluon emission: diverging logarithms
log(pt™W/mw) to be resummed to all orders

» Non-perturbative (NP) effects: quarks’ flavour,
masses, and intrinsic pr (PDF related)

500

—_
_ a O

0 5 10 15 20 25 30

P
on /N "
b () { ) - =

1500 13 TeV,pp =W

B m,/4 < Moo Moy Q<m;1/2< p,R/uF, uR/Q, uF/Q <2

B NLL+NLO resummed
1000 B I NNLL+NNLO resummed

R N®LL+N°LO resummed

- B \*LL+N*LOa resummed

PR (R T S S T B 1 | IR YT SR T T TR T TR WO (N T ST S W |

l https://arxiv.org/abs/2303.12781

35 40
q. [GeV]

0.07

0.06

0.05

1/c - do/dp. [GeV-]

0.04

0.03f

0.02

0.01

ATL-PHYS-PUB-2014-015

III1[II1T]I1T1I1IIIIIIII

CuTe NLO+NNLL

10 20 30 40 50

Pl [GeV]
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ptVand QCD uncertainties

DYTurbo

" - 13 TeV, pp — W, Z/y*
§ B m,/4 < Mo Moy Q< m;1/2 < uR/uF, ptR/Q, MF/Q <2
© 1.05—
© -
YE [ https://arxiv.org/abs/2303.12781
=
B NLL+NLO resummed
0.95 M NNLL+NNLO resummed
- NPLL+N°LO resummed
~ B N'LL+N*LOa resummed
©1.01- e —
° | T
Low ptW hard to measure directly < 1*’
O
> pymiss resolution ~10-15 GeV %0'990“ £ s

q, [GeV]
Conventional wisdom: tune simulated p+Z on precisely measured Z->£+8- data

> predict ptW from theoretical W/Z cross section ratio

However: cancellation of uncertainties subject to model dependent assumptions

» unknown correlations and no robust theoretical prescription to treat them (see here)

CMS strategy: construct best possible theoretical model for pt% and constrain
uncertainties in-situ with W data, reserving Z data ONLY for validation
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https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf

Simulated W and Z samples

do o 3 dO‘UL
dp2 dmdy dcos0* d¢* 167 dp2dmdy

"~

7
[(1 +COS2 0*) +Zi4’t(pT7m7yZ \PZ(COSQ*,¢*21|
i=0 ~ ~
Angular coefficiencts Spherical harmonics
(Predicted by pQCD) of decay angles in

Collins-Soper frame)

Kinematics of W/Z

POWHEG_MINNLOps + PYTHIA8 + PHOTOS

5 -1
. | N T
> Natively NNLO in as, but limited accuracy T ¢ CMS \ Data =2y ppi
at low pTV (leading |Ogarithm’ LL) E 5_ Preliminary MINNLOps I Other _:
o . ]
» oyL corrected to N3LL+NNLO using T
: s e \Default MiNNLOps
SCETlib+DYTurbo ol
2 A left as-is, validated against other fixed- 25 NSLL+NNLO corrected
order predictions (e.g. DYTurbo, MCFM) :
1
» PHOTOS reaches “NLO QED accuracy for 0
photon final state radiation (FSR), including 3 i~
lepton pair production (y>ee/pp) = e e =
cg’ 0.9 _TI Fixed-order+matching CS-Nonpert. _
» Weights for several modern PDF sets i Resum. TNP Nonpert.
OI - |1|OI - |2|OI - |3|0| - |4|0| - |5|OI
pt" (GeV)
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PDFs

GOOD: Well defined uncertainty models
and correlations across phase space and
between W and Z (suited for profiling)

BAD: in recent precision measurements at
hadron colliders, e.g. as[1] or sin26%.x[2],
often significant spread of results, not
always covered by PDF uncertainties

x10°

CMS

+ ‘D

ata

16.8 o' (13 TeV)
T I | I 1 1 1 | ! ]

— Preliminary

B Z/y* - g/t

Bl Other —

Events/bin
»

We force consistency among all sets

Z

Bias tests on my: one PDF set as

prediction, another as pseudo data
Inflate PDF uncertainty for failing sets

CT18Z covers all PDFs without inflation,

chosen as nominal to extract mw

E 110 PDF4L|HC21 .
50 —— MSHT20 --- CT18 ,
o 1.051 ——~ NNPDF4.0 [ CT18Z 10 ]
o i ]
o 100F & & o ® a o 0 n 0 s s e,
—_—— T
0.95:_ 1 __——._____ ................................. _ ____|-- - B
%0 0 00 1.0 20
yHH
PDF set Scale factor .II.npact in my (MeV)
Original oppp  Scaled oppr
CT18Z — 44
CT18 — 4.6
PDFALHC21 — 4.1
MSHT?20 1.5 4.3 5.1
MSHT20aN3LO 1.5 4.2 4.9
NNPDE3.1 3.0 3.2 5.3
NNPDEF4.0 5.0 24 6.0
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ptV modeling uncertainties

> Fixed-order (perturbative, high ptV): missing higher orders in as for oy, assessed from
variations of the QCD renormalization/factorization (ur , ur) scales from DYTurbo

» additional uncertainty for matching between fixed-order and resummation

» Resummation (perturbative, lower ptV): from “Theory Nuisance Parameters” (TNP)

x105 16.8 fb~' (13 TeV)
i T T T T T T T T ]

> T | T T T T | T T T X 1 05 | | | 1 6l|8 fb_1 (1| 3 TeV)
8 61 CMS t Data W ZIyT o pp/tT S Q - CMS ¢ Data 7/ s pp/tt ]
P - Preliminary--—- MNNLOps W Other 2 5| Preliminary--—~ MNNLOps ~ HEE Other .
c — 1 ] ] - —r—
Q - 2 iy
m LIJ
2 . 8 |
& I ° o A
s |, 1 g | 1
S o09F Fixed-order+matching CS-Nonpert. - g o9l Fixed-order+matching CS-Nonpert. -
i Resum. TNP Nonpert. T Resum. TNP Nonpert.
L L L L | L L L L | L L L L | L L L L | L L L L L | L L L L | L L L L | L L L L | L L L L | L L L L | L L L L |
0 10 20 30 40 30 35 40 45 50 55 60
Pt (GeV) Pt (GeV)
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ptV modeling uncertainties

» Non-perturbative: intrinsic partons’ pr and non-perturbative part of resummation
uncertainties

2

Z

Events/GeV

Data/Pred.

Empirical model inspired by transverse momentum dependent (TMD) PDFs
Associated parameters not predicted a priori: to be determined from data

Arbitrary initial values, large uncertainties: intended to be constrained from data

x10°

16.8 fb~! (13 TeV)
T T T T T ]

b

Data

F U
s CMS !

mm Z/y* - py/tt _

. Preliminary--- MiNNLOeps

Bl Other

x10°
1 1 1 1 | 1 1 1

- cMs

1 | 1 1 1 1
¢ Data
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Bl Other

~ Preliminary--- MiNNLOps

s -

Events/bin
(@) ]
|

Data/Pred.

il ] E ]
09k Fixed-order+matching CS-Nonpert. - o9l Fixed-order+matching CS-Nonpert.
i Resum. TNP Nonpert. T Resum. TNP Nonpert.
L L L L | L L L L | L L L L | L L L L | L L L L | L ] i L L L | L L L L | L L L L | L L L L | L L L L | L L L L | L L L L ]
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Resummation and theory nuisance parameters

TNP account for coefficients in known internal structure of d2c/ dprVdyV

? Innovative approach to model uncertainties, proposed by F. Tackmann (here)

Well defined correlation model across phase space and between W and Z

> Suited for likelihood profiling, proper statistical interpretation if pulled/constrained

P

In contrast to commonly used QCD scale variations, which lack these features
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Q
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Validation of prV modeling with Z->up

» Z->uu events offer a clean way to test theory model and uncertainties

» When fitting directly pt#, theory model is able to describe the Z data

> Postfit description of the spectrum at 0.1% level

Events/GeV

Data/Pred.

_x105

- cMS

;

Data

- Preliminary--- MiNNLOps

16.8 fbo~! (13 TeV)
T T T T ]
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20 50
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Validation of pr¥ modeling with W-like Z

» When running W-like fit to single muon pt#-n#-g# , theory model is also able to
accommodate the muon pr spectrum very precisely

2 Consistent postfit shape of ptV between Z fits, in agreement with unfolded pr#+ data

2 prt-ne-g+ disentangles my from p1V: can extract mw without tuning ptW on Z

Events/GeV

Data/Pred.

—h —h
o o
o o
o (&)

0.995}
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W-like mz measurement

> mz—mzPPG = -6 + 14 MeV

> Inverting odd/even selection (nearly statistically independent sample) one gets

mz —-mzPDG = +8 + 14 MeV

» Uncertainty dominated by statistics, muon calibration, and

» Breakdown of uncertainties not unique (details later)

CMS Pre/iminarTy

| | | | | | |
== Myyp fit

Nominal W-like mz fit
~-  W-like my fit (even « odd)

|
|
|
|
— —et=  —:= PDG average
|
|
|
|

Source of uncertainty Ng)EIi)I?;{[ (I\éelzgyal
 Muon momentum scale 5.3
Muon reco. efficiency 3.8 3.0
W and Z angular coeffs. 4.9 4.5
Higher-order EW 2.2 2.2
py. modeling 1.7 1.0
PDF 24 1.9
Integrated luminosity 0.3 0.2
MC sample size 2.5 3.6
Data sample size 10.1
\Jotal uncertainty 13.5 ) 135
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Finally: assembling all pieces

» Most precise mw measurement at the LHC

» 9.9 MeV total uncertainty, similar to CDF

» When uncertainties are constrained in-situ, “global” impacts (used in ATLAS 2024 mw
measurement, arXiv:2307.04007) tend to count them as part of statistical uncertainties

106 16.8 fb~' (13 TeV)
> 8 ot L L L
§ 7_ /(D:rlgl!'r?inar ) ; \[/)Vaita—> MV _ Impact (MeV)
% 6 4 B Nonprompt — Source of uncertalnty Nominal Global
o sf - \%Y* _1\*)‘“/"5 Muon momentum scale 4.8 4.4
4 - Rar: Muon reco. efficiency 3.0 2.3
3 W and Z angular coeffs. 3.3 3.0
, Higher-order EW 2.0 1.9
pY. modeling 2.0 0.8
1 PDF 4.4 2.8
S Nonprompt background 3.2 1.7
Emoz;: mw +9.9MeV Pred. unc. * L ] Integrated luminosity 0.1 0.1
= S B - MC sample size 1.5 3.8
co% 1000 t . X =y -+++‘*HH'¥ Data sample size 2.4 6.0
0.998 ] Total uncertainty 9.9 9.9
30 35 40 45 50 55 | — —
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The summary picture

CMS Preliminary
| | | |: - |

my in MeV I
LEP combination | 80376 + 33 1| _
Phys. Rep. 532 (2013) 119 |
DO 80375 + 23 L - _
PRL 108 (2012) 151804 !
CDF  80433.5+ 9.4 | ———
Science 376 (2022) 6589 !
LHCb 80354 4 32 _
JHEP 01 (2022) 036 !
ATLAS | 80366.5 + 15.9 1 _
arxiv:2403.15085, subm. to EPJC |
CMS _ 80360.2 + 9.9 e ., —
This Work - | ——= EW fit

I |

I I
80300 80350 80400 80450
mw (MeV)

» EW fit prediction: 80353 +6 MeV
» CMS measurement: 80360.2 £ 9.9 MeV The SMis still alive



Stability with PDFs

» Good stability of measured mw — Extracted 1y, (MeV)
across PDF sets within PDF Original oppr ~ Scaled oppy
uncertainty, but only after scaling CT18Z 80360.2 9.9
uncertainty for some sets (most 118 595618+ 10.0

Y PDFALHC21 80363.2 4+ 9.9
notably NNPDF40) MSHT?20 8036144100 80361.7 +10.4
. . MSHT20aN3LO 80359.9+99 80359.8 +10.3
» Reminder: nominal value CT18Z NNPDEF3.1 80359.3+95 80361.3+10.4
Without scaling With scaling
| ] | | ] |
i ——= (CT18Z i ——= (CT18Z
—-(:“”ﬁs. %+L—k{ - CT18 — ——(:“nﬁs. F+L%—4 - CT18 —
Preliminary | ~ NNPDF40 Preliminary | =~ NNPDF40
—fe+ = MSHT20an3lo mmmanm = MSHT20an3lo
! - NNPDF31 | - NNPDF31
- -+ MSHT20 — H—+H MSHT20
: -~ PDF4LHC21 : -~ PDF4LHC21
| | B
i i i
F$+% F$+%
[ [
i i

| | | | | |
80300 80335 80370 80405 80440 80300 80335 80370 80405 80440
my (MeV) my (MeV)
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Testing alternative prv¥ modeling

> Alternative parametrization of TNP resummation uncertainties (nominal: N3+0LL)
» Reweighting ptW by data/simulated p+Z (keeping same theory model)

> Also test simultaneous fit of pt#-nk-g# for W and prke-yri for Z, with mostly
uncorrelated theoretical uncertainties: Amw = +0.6 MeV and dmw = 9.6 MeV

_qeptot 0 (13TeV)
> i ]
o b CMS — mw (pF,n¥, ")+ (P, ) ]
o 4 Preliminary — mw (0¥, 0¥, g¥)
Qo i LR
CMS Preliminary 16.8 fb~! (13 TeV) g 12 — prefi g
| ' | ' | T s 1.0F ]
| N3+1LL+NNLO | %;:_ ;
N4+OLL+NNLO i 6
. 7)) b6 _]
0 | o F
=i pr gt i O 04 -
= Combined p¥ fit | = Ll 1
. | s
—— Nomlﬂal i0p¥mod : :J: : 0.0 B o | | | |
I = F b ol R T T ] -
| 2 1o —— .
: I : : 49 E N e s === -
i 0 09F | I my (pd.nP.q¥)+ (phY yrr) FEEEEEES
. © L o u ] fit -
| | | o = — mW(p ,r)P,qP) ....... preti E
80280 80310 80340 80370 R
0 10 20 30 40 50
my (MeV) oY (GeV)



Helicity cross section fit

Beyond SM effects can modify expected cross section

> A less model-dependent mw measurement is desirable

Alternative fit strategy: parametrize standard theory uncertainties in terms of
helicity cross sections o; = oy. X Aij and corresponding variations binned in ptV-|yV|

2z Simultaneous fit of o; and my

» Tradetheory assumptions for larger statistical uncertainty

Unpolarized cross section ouL

5 3 " ] )
o I o X [(l+cos‘9)+Ao—(l—3cos“9)
dp% dY dmdcos6d¢ |lom dpzT dY dm .

L5
+A1sin260 cos® +Ay—sin” 6 cos2¢
+A38in6 cos ¢ HA4cos 6

04 = ouL x A4 related to forward-backward L . .
asymmetry, and encodes parity violation in W +Assin” 0sin2¢ +Agsin26 sin

decays , ,
+A7sin 6 sin @
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Helicity cross section fit

Limitation: size of 2016 data set and pt#-ne-g- fit not sufficient to constrain all terms

Implementation: loose priors assigned to o; (i = UL, 0, ..., 4) binned in prV-|yV|

> oy and o4: conservative priors of 50% (100%) of predicted cross section

» 0p, 01, 02, 03: priors constructed from envelope of standard theory uncertainties

» Most of relevant theory uncertainties also retained (different correlations)

Unpolarized cross section ouL

o |3 do
dp% dY dmdcos6do 167 dpzT dY dm

04 = ouL x A4 related to forward-backward
asymmetry, and encodes parity violation in W
decays

2 1 2
X [(l +cos~0) +AO§(1 —3cos”0)

L5
+A1sin260 cos® +Ay—sin” 6 cos2¢

+A38in6 cos ¢ HA4cos 6
+Assin® 0sin2¢ + Ag sin26 sin ¢

+A7sin 6 sin (f)]
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Helicity cross section fit

? mw=380360.8+£15.2 MeV

? In agreement with main result CMS Preliminary (13 TeV)
| I

Main result p—i—q

> Stability of result and uncertainty ety Fit |

1 . . AOS X 1 ’Aoothers X 2 T
with looser or tighter priors on o; A A s N
O3 x 1 Oothers X

Ao-3 X 2’Ao'others x 1 )_I'._(
AOS . 2’A()‘others . 2 )_L‘_(

AOS X 2’Aoﬂothers x D )_r‘_(
| i |
80260 80310 80360 80410 80460

my (MeV)

» Shape variation of pt#-n#-g* induced by o3 is degenerate with my, can’t

assign too loose prior with current observables
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Events/GeV

Data/Pred.

Summary

The first CMS measurement of my has finally happened

> Several innovations in terms of modelling of experimental/theoretical uncertainties

» Most precise at the LHC, consistent with the SM but in significant tension with CDF

» Performed with ~10% of Run 2 data, a lot of room for future improvements

g x106 16.8 fb~' (13 TeV)
e I A I T T T T T
7i CMS Postfit + Data ;
- imi B W*-pv
6F B Nonprompt
5f B Z/y* > pp/tt
) W > v .
4 Bl Rare
3
2
1
0
1.002]- === mw£9.9MeV Pred. unc. } h
1.000 '—-'u't'*'r““*tiw - + HE *-
sl SIS
0.998} 1
[ | | | | | )

LEP combination
Phys. Rep. 532 (2013) 119
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SILICON TRACKER
CMS Detector  “"uix
~1m? ~66M channels

Microstrips (80-180um)
- ~200m? ~9.6M channels
Pixels

Tracker

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

~76k scintillating PbWO, crystals
ECAL ° ST
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Event selection

Exactly 1/2 muon(s) for W/Z passing muon veto
selection (reject additional muon)

>pr>15GeV, n| < 2.4
» Loose muon POG ID

» dXybs < 0.05 cm

> Defined wrt to beamspot to avoid biases from
primary vertex selection (no dz cut for same reason)

Selected muon satisfies tighter criteria

» 26 < pr <56 GeV, |n| <2.4

» Medium muon POG ID

> “Vertex agnostic” PF rel. iso (AR=0.4) < 0.15

» Matched to trigger object (AR<0.3) for (HLT_isoMu24 ||
HLT_isoTkMu24)

We restrict to global muons, also for veto selection
» Simplifies definition of reco and tracking efficiencies
» Additional quality criteria for global muons

> Standalone pt > 15 GeV

> AR(in,out tracks) < 0.3

> Inner track has highPurity flag

> Standalone track has >= 1 valid hits

Further selection criteria

> mt(y,pt™iss) > 40 GeV (45 GeV for Z
W-like, but removed for Z dilepton)

> myy in [60, 120] GeV for Z events

» beam background and anomalous
prmiss filters

> Reject events if any electron is found
which satisfies the following selection:

ppr>10GeV, n|<2.4
P dXyps < 0.05 cm, dz < 0.2 cm
» EGamma POG cut-based loose ID

With these requirements we get:

100 M selected W—pv events
- ~87% signal

7.4 M selected Z—pp events
-  ~99.5% signal
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Events/GeV

Events/GeV Data/Pred.

Data/Pred.

Prefit distributions for W

Profile likelihood fit to 3D muon pt#-nk-g+ distribution (resilient against PU)

> Experimental techniques and tools developed for W rapidity-helicity measurement
(2020), which established strong in-situ constraints on PDFs from fit to pr®-n¢-q®

> Different shape between charges stemming from W rapidity and polarization
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-012/index.html

W polarization and PDF uncertainty at the LHC

Pure left handed coupling of W bosons to fermions strongly correlates W polarization
(hW) and rapidity (YW) with direction of incoming quark vs antiquark

» And subsequently with direction of outgoing charged lepton

Left-handed W+ Right-handed W+
1) AW and YW fully — — | =) —)
determined by PDF q - ! ! R
etermined by S
W = _ - > g
1" < > v V o - 1"
2) hW/YW affect pri-nr-g¢ = @a= ) =)
through spin correlations
CMS Simulation Supplementary ~ 35.9 fb" (13 TeV), 4¢? 0CMS Simulation Supplementary ~ 35.9 fb™ (13 TeV)
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3) ptH-nH-gH carries
information about PDFs
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Negative W bosons produce even more different shapes

Events
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Events

Events

W polarization at the LHC
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Vector boson production

PRD 102 (2020) 092012
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Hadronic recoil and calibration

With high PU, machine learning greatly

improves prmiss and recoil resolution

» DNN-based “DeepMET” algorithm calibrated and

commissioned for high PU analyses

» DeepMET only used indirectly to select signal
region (mr > 40 GeV) and define control regions

for nonprompt background estimation

> Recoil response calibrated with Z - pu events

2z Recoil uncertainties
negligible in pt#
driven measurement
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Muon scale calibration

Physics-motivated model to predict pr scale bias arising from:

» Magnetic field (A)

» Energy loss due to material (€) . -
| AEEEEEEN

> Alignment (M) EEEEEEEE
Ok
— =A—ek+gM/k

k

If the tracker is misaligned ...the track will be reconstructed as

k = 1 /pT and we don’t know it... if the tracker was aligned

» Complemented by related momentum resolution parametrization for multiple
scattering (a), hit resolution (c), and correlation terms (b,d)

Ip 2_ 2, 2 .2 b?
() =4




Calibration model revisited

(e.g. with Kalman Filter, Generalized Broken Line Fit, etc), in this case:

ok

k

» The “extra” terms are generated by local

biases in magnetic field, material or
alignment, which effectively receive a
momentum-dependent weight 1/(1+d2k>2)
due to the competition between hit
resolution and multiple scattering in the
track fit

» Sum runs over m layers of material
traversed by the track

> Extended model is found to describe the

observed bias, but is way more complex

p+ scale

> In a dense tracker, multiple scattering must be explicitly accounted for in the track fit

| — erk + qM, /k

:A—ek+qM/k—|—ZA
/

40

20

20+

1+ d?k?
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Last stage of pr* calibration: mass fits to J/y

» Final corrections in fine 4D bins (pr#+,n#+,ptH-,n*) from mass fits to J/Y—->up events

» With respect to track fit, can account for other physics effects: final-state radiation of
photons, or non-resonant backgrounds

Barrel n bin Endcap n bin
16.8 fb-1 (13 TeV) 16.8 o' (13 TeV)
7 > [T T T T T T T T T T T
% | Preliminary Background
1= I \ \ | \ 4 Data
S gol- \
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Events/GeV

Data/Pred.

Backgrounds

Prompt backgrounds: from simulation, with all relevant corrections/uncertainties
» Z - UM, mainly with 1 out-of-acceptance p and hence larger at high n&
» W = tvand Z - tt, with t decays into u

» Rare: muons from top quark decays, boson pair production, and photon-induced
processes

Nonprompt background: estimated with data-driven method

» Mainly QCD multijet events with muons from B/D decays (small contribution also
from in-flight decays of k/m), largely suppressed by mr cut

n*shape in
26 GeV single pr bir 38 GeV ‘50 GeV
105 | | | | . | | | | | | | | | | | | 16810 (13 TeV)
L CMSPre//m/nar;/ ' | I N | Prefit | } Date; [ Z/Y*_)“pw/n ]
: g .|||'|||"I|"|I "'” "'” "'||'|"|'||.,A g' =+ W py Wesw o]
i || -Il ” H AR 2o BE Nonprompt EE Rare ]

Pred. unc. E
B e 'wmwmvmww«wrmmwwmww W&'ﬁ
| ‘ ‘ ‘ — - 500 '

0 200 Y400 1000 1200 1400
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ABCD: the “E-Z” way to tame nonprompt muons

Data-driven “ABCD” method in the 2D space relative 4

of muon isolation and m solation i l
T 01s | A A C
> “Extended” ABCD method (here) with 3 mt bins to = i“__A: ______ s:iéhal
account for correlation between isolation and m+ Bx i B i ~ region
| | »
» Nonprompt yields in non-D regions obtained by 20 40 mr[GeV]
subtracting from data the events with prompt
muons, estimated from simulation A B2
D=C-==
» Nonprompt binned distributions in each region BXA2

regularized versus pt* with polynomials

Prediction in D derived for
each single pt#-nk-g+ bin

> Uncertainties in prompt yields consistently propagated to nonprompt by reevaluating

the subtraction, and accounting for proper (anti-)correlations in pass/fail iso regions
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https://www.arxiv.org/abs/1906.10831

ABCD validation

» Method tested both with QCD MC and real data events from control regions enriched
in muons from secondary vertices (SV), mostly from D/B hadron decays

Data/Pred.

Events/bin

Data/Pred.

4.0

<104 16.8 fb~1 (13 TeV)
B L L L
CMS P { Daa |
Preliminary = Nonprompt 1

Bl Prompt g

I Pred. unc.
i [}
1.0 ' I '
B ) L ' ¢ [} ¢ + + +
+H
0.8k ol b 1A
30 35 40 45 50 55
v
pY (GeV)
<10% 16.8 fb! (13 TeV)
T T T T T T T ]
1.2 CMS Prefit + Data 5
" Preliminary = Nonprompt |
1.0 El Prompt
0.8}
0.6}
0.4}
0.2
0.0
F 1 T T T 5
- Pred. unc. B
1.1 . - ]
1.0 " Mt b LI ! 4
. E ++ ? e LR X ) +++ + * + ++ +++’ ¢¢"’+9 ¢? {
0.9F ¢ B
| PR S S WA N TR S WA S NN A SR

20
r,“

-1.0 0.0 1.0

Events/GeV

Data/Pred.

Events/bin

Data/Pred.

4.0

«10% 16.8 fb~! (13 TeV)
S A B RO B IR B
CMS Postfit t Data E
Preliminary = Nonprompt 1

Bl Prompt ]

- Pred. unc. * ~ } R
Pt H"I {
B L l L l L L L l L l L \ L l L L L l%
30 35 40 45 50 55

p¥ (GeV)

<10% 16.8 o' (13 TeV)
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Bl Prompt

SV data control regions,
enriched in nonprompt
muons from b,c quark decays

15% correction applied for
normalization in region D
(consistent between SV
control region and QCD MC)

Additional normalization and
shape uncertainties to cover
residual differences

Omw ~ 3.2 MeV
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Higher order EW uncertainties

Main EW effect from FSR already included in our MiNNLO MC through PHOTOS++ with

NLO QED, including y->ee/up pair production
? ISR uncertainty < 0.1 MeV
> Switching on/off QED ISR in Pythia

? FSR uncertainty ~0.3 MeV
2z Alternative QED FSR from Horace

» Photos Matrix Element Corrections on/off

? Virtual uncertainty ~1.9 MeV
» Z: Powheg NLO+HO EW
» W: ReneSANCe NLO+HO EW

2 IFl (initial-final state interference) expected
to be at the 0.1 MeV level (see here)

» neglected for now

ATLAS: Pythia vs. Photos (6 MeV unc.)
CDF: 2.7 MeV unc. (Horace)
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https://arxiv.org/pdf/2401.15682

Prefit n* distributions in W events

> Prefit shape agreement largely modified by choice of PDFs

» Local discontinuities at the 1-2% level in the data/MC ratio, but several experimental
systematic uncertainties are decorrelated in bins of n#(efficiencies, nonprompt
background, ...) and can cover the discrepancies

W+ W-

o5 ><106I j | 16.|8 fo-1 (13 'll'eV) o5 <106 16.8 fb™' (13 TeV)
E . - ‘ Ll L L o ! . < S L L L L L L e
Q - CMS ¢+ Data B Nonprompt - 0 - CMS ¢ Data Bl Nonprompt -
2 20 Preliminarymm W+ - pv WES Ty ] 2 20 Preliminarymm W+ - pv W: sty ]
Q 1_53 N Z/y* > pup/tt W Rare o 1.51_ BN Z/y* > pp/tt W Rare |
L i LU i ]
1.0 1.0}
0.5 0.5
0.0 0.0
N1{o75p '~ D Nio7sF T~~~ T 7]
© [ PDF4LHC21 ] ® f e PDF4LHC21 .
£S5 1.050F — MSHT20 --- CT18 : £51.050F — MSHT20 --- CT18 1
e - —— NNPDF40 0 CT18Zz10 . o) - —— NNPDF4.0 [ CT18Zz1o 1
©1.025[ - © 1.025 R =
&:*?5' C ] © C
1.000F . T 4 000 = — e
09751 0.975 ::__—_—”""1 -------------------------- T e St
5 | R Sttt e vt I
2.0 1.0 0.0 1.0 2.0

68



Angular coefficients and uncertainties

7
do 3 doyr, [ 5

= 1 0 Ai(pr,m,y) - Pi(cos0”,")]

dp3 dmdy dcos0* d¢* 167 dpi dmdy (1+cos™07) + Z\ (p Tvm yl (COSV % l

1=0
Angular coefficiencts Spherical harmonics

(Predicted by pQCD) of decay angles in
Collins-Soper frame)

"

Kinematics of W/Z

A; predicted by MiNNLOps at NNLO accuracy
» Uncertainties assessed through MiNNLOps Ug, U scale variations decorrelated vs A;
» Validated against other fixed-order predictions (e.g. DYTurbo, MCFM)

> Differences between W and Z coupling to leptons translate into distinct angular
distributions: uncertainties are also decorrelated in 10 bins of pt¥and between W
and Z (but correlated in boson rapidity and charge)
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Angular coefficients and uncertainties

» MINNLOps predicts angular coefficients consistent with fixed-order calculations, but
Pythia “intrinsic k7’ treatment actually modifies them

2 this effect may or may not be physical, we conservatively propagate the full
difference as an additional uncertainty
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Quark masses

PDFs assume massless quarks, but ptV spectrum sensitive to finite quarks’ mass
> Different effect in W and Z, potential bias if tuning ptW on pt?
» Uncertainties from alternative predictions based on MSHT20 PDFs with massive c, b

» Developing a more refined model accounting for massive quarks and with proper W
versus Z correlations is crucial for a simultaneous fit of W and Z data
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MC statistical uncertainty

> 4B simulated W events (~4 times equivalent data luminosity after event selection)
» MC stat (bin-by-bin, BBB) uncertainty treated with Barlow-Beeston lite approach
Systematic uncertainties encoded by alternate templates from MC

» Statistical fluctuations in alternate template bins not explicitly accounted for

» Can lead to spurious constraints, artificially reducing total systematic uncertainty
» Can be checked running the fit without BBB and half MC stat to fill templates

> Issue is present if total uncertainty decreases with half MC stat

> Discussed in this paper from Pisa’s authors

» See also this presentation
Ad-hoc solution to mitigate the issue (proper solution would require MC stat = <o)
> Inflate BBB uncertainty by 25% when running the fit

> scaling determined from studies with toys to assess proper coverage

This is a statistics problem arising with likelihood fits based on MC templates

» Many HEP analyses could be affected: should always check the impact by comparing
the nominal result with the one produced with half MC stat
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https://arxiv.org/abs/2401.10542
https://indico.cern.ch/event/1376644/contributions/6105490/attachments/2925579/5135718/Alexe_student_talk_CSC_2024_v2.pdf

Additional stability and consistency checks

Configuration Amyy in MeV Auxiliary parameter
26 < pr <52GeV  -0.75 £ 10.03 —
30 <pr <5GevV -1.11 £ 11.05 —
30 < pr <52GeV  -2.15 x 11.17 —
W floating -047 £ 9.98 uw = 0.979 £ 0.026
Alt. veto efficiency 0.05 £ 9.88 —
Hybrid smoothing -1.58 £ 9.88 —
Charge difference ~ 0.34+ 9.89 md = 56.96 + 30.30 MeV
n sign difference  -0.01 + 9.88 mdit = 58 + 12.4MeV
|7|range difference -0.61 £ 9.90 m3ltt = 15.3 £+ 14.7MeV
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Systematic uncertainties and nuisance parameters

> Almost 5k nuisance parameters

> Vast majority from statistical
uncertainties in efficiency SF, mainly
because of fine granularity and
decorrelation in bins of n# for each
step and charge

Systematic uncertainties

W-like m,  my

Muon efficiency 3127 3658
Muon eff. veto — 531
Muon eff. syst. 343
Muon eff. stat. 2784

Nonprompt background - 387

Prompt background 2 3

Muon momentum scale 338

L1 prefire 14

Luminosity 1

PDF (CT182) 60

Angular coefficients 177 353
W MINNLOpg g, g - 176
Z MINNLOpg yg, ug 176
PYTHIA shower kt 1

py modeling 22 32
Nonperturbative 4 10
Perturbative 4 8
Theory nuisance parameters 10
¢, b quark mass 4

Higher-order EW 6 7

Z width 1

Z mass 1

W width — 1

W mass - 1

sin’ Ay 1

Total 3750 4859
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Lep/comb.

Electrons versus muons

PRD 102 (2020) 092012
CMS-SMP-18-012

Significantly larger uncertainties for electrons, and challenges for calibrations

[Zf’;

[2';.

Tighter L1/HLT criteria (reduced acceptance at low pr, lower efficiency in endcaps)

Larger systematics for energy scale calibration (no J/{, can only use Z)

More nonprompt background (QCD multijet, with jets misidentified as electrons)

Overall larger statistical uncertainties

> However: electrons still have a lot of potential in future mr based measurement, since

worse performance compared to muons are diluted because of larger impact of pymiss
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092012
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-012/index.html

my stability versus nk

Fit with one independent mass parameter for different n# ranges

No evidently problematic region in the detector

16.8 fo-1 (13 TeV)
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charge difference

W-like m; fit
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charge difference

my fit

16.8 fb~' (13 TeV)
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Discussion on my charge difference

> Uncertainty on charge difference much larger than nominal mw uncertainty

» Strong anti-correlations due to experimental uncertainties (alignment) and theory

uncertainties related to W polarization (opposite-parity coupling of W to u*and w)

> Possible/plausible scenario: ~10 off on alignment and angular coefficients A; with ~1o

statistical fluctuation corresponds to totally negligible effect on mw (0.1MeV)

> Data + MC stat. uncertainty for charge difference also not negligible: ~ 16 MeV

> Correlation between charge difference and my itself is only 2%

Configuration m}, — m, (MeV) Amy (MeV)
nominal 57 £+ 30 0
Alignment ~1 sigma up 38 = 30 < 0.1
LHE A; as nominal 48 + 30 -0.5
A3 one sigma down 49 4+ 30 0.4
Alignment and A; shifted as above 21 +£ 30 0.1
Alignment ~ 3 sigma up -5+ 30 0.6
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Summary of impacts

Source of uncertainty Global impact (MeV)

N My+ — My~ INMy INMy+ — My- 1IN My
Muon momentum scale 21.2 53 20.0 4.4
Muon reco. efficiency 6.5 3.0 5.8 2.3
W and Z angular coeffs. 13.9 4.5 13.7 3.0
Higher-order EW 0.2 2.2 1.5 1.9
py modeling 0.4 1.0 2.7 0.8
PDF 0.7 1.9 4.2 2.8
Nonprompt background — — 4.8 1.7
Integrated luminosity < 0.1 0.2 0.1 0.1
MC sample size 6.4 3.6 8.4 3.8
Data sample size 18.1 10.1 13.4 6.0
Total uncertainty 32.5 13.5 30.3 9.9
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ATLAS mw and Ny

arXiv:2403.15085

Re-analysis of original 7 TeV result (published one year ago, recently updated again)

» Improved fit with likelihood minimization and uncertainty profiling rather than x2

> extended studies of PDFs, impact of profiling demonstrated by inflating pre-fit uncertainties

» mw and 'y measured simultaneously or fixing one to SM

Updated my = 80366.5 + 15.9 MeV (I'w fixed to SM)
2 |t was Obmw ~ 19 MeV in 2017, with 9.2 MeV from PDFs

Using CT18 PDFs
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https://arxiv.org/abs/2403.15085

arXiv:2403.15085

ATLAS mw and Ny

First measurement of 'y at the LHC, most precise from single experiment
? Fixing mw to SM, l'w = 2202 £ 47 MeV, ~20 above SM

» Main uncertainty from MC modelling (shower tune variations) and recoil

2 Smaller mw value from simultaneous fit because of anticorrelation with Ny

[

Using CT18 PDFs

Unc. [MeV ] | Total ~Stat. §Syst.j| PDF A; Backg. EW e pu | ur JLumi my | PS

Pt
mr
Combined

72 27 66
48 36 32
47 32 34

21 14
5 7
7 8

10
10
9

From simultaneous fit:
5 13 12§ 12 10 6 55

S [ IO B mw = 80354.8 + 16.1 MeV Ty =2198 + 49 MeV

DELPHI
Eur. Phys. J. C 47 (2006) 309
T, = 2404 = 173 MeV

OPAL
Eur. Phys. J. C 47 (2006) 309
r,, = 1996 = 140 MeV

L3
Eur. Phys. J. C 47 (2006) 309
r,= 2180 = 142 MeV

ALEPH
Eur. Phys. J. C 47 (2006) 309
r,, = 2140 = 108 MeV

Combination
Phys. Rep. 532 (2013) 119
I, =2195 = 83 MeV

DO
Phys. Rev. Lett. 103 (2009) 231802
T, =2028 = 72 MeV

CDF
Phys. Rev. Lett. 100 (2008) 071801
T, = 2032 =72 MeV

ATLAS
This work
I, =2202 = 47 MeV

Overview of T',, measurements
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https://arxiv.org/abs/2403.15085

Comparison with ATLAS

Latest ATLAS (re)analysis uses “global impacts”, as proposed in arxiv:2307.04007

» Systematic component constrained by data is absorbed into statistical uncertainty

CMS has larger data set, stronger constraints on PDFs, and better EW uncertainty
(more recent PHOTOS version than ATLAS, includes pair production)

Stronger constraints also on QCD theory uncertainties (without MC tuning on Z)

Unc. [MeV | | Total Stat. Syst.

ATLAS —; 7

P (f 162 11.1 11.8

PDF A; Backg. EW e u ur Lumi I'y PS

mr 244 114 21.6
Combined 159 98 125

1.7 47 41 49 67 60 114 25 02 70
57 37 20 54 60 54 23 13 01 23

CMS total calibration + muon eff. ~ 10%
better, but Z-independent scale
calibration

ATLAS used both e/u channels and pt¢/
mt, CMS only exploited pttso far

CMS

: Impact (MeV)
Source of uncertainty Nominal Global
Muon momentum scale 48 | 44 °
Muon reco. efficiency 3.0 23 |
W and Z angular coeffs. 3.3 3.0
Higher-order EW 20 | 19
py modeling 2.0 0.8
PDF 4.4 2.8
Nonprompt background 3.2 1.7
Integrated luminosity 0.1 | 0.1
MC sample size 1.5 |
Data sample size 2.4
Total uncertainty 9.9
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https://arxiv.org/abs/2307.04007

Comparison with CDF

CDF has advantages from pp collider for theory (PDFs, flavour dependence), and from
lower material in their tracker for calibration (< 0.2 Xo compared to CMS ~1-2 Xo)

» But CDF didn’t do a W-like mz measurement, owing to insufficient statistics

» Much lower PU at Tevatron than LHC makes mr method very competitive
CDF runs a likelihood fit with no profiling: uncertainties from 1o Yp/pown Variations

» No distinction between “prefit” and “postfit” uncertainties in CDF

» Not possible to compare directly with CMS, where prefit systematic uncertainties

are intended to be constrained by data and are often conservative or overestimated

Source Source of uncertainty Impact (MeV)
Lepton energy scale Nom;ng_lz_ Global
............................................................................. | Muon momentum scale T a8\ 414
Recollenergyscale 12 | Muon reco. efficiency 3.0 ] 2.3
Sl A BRI W and Z angular coeffs. 33 [ 30
............................................................................ ame—— CDF Higher-order EW 2.0 1.9
.................... p¥ modehng 2.0 0.8
s s | PDF 44 | 28
py/pgmodel 13 | Nonprompt background 32 | 17
................................................................................................. Integrated luminosity 0.1 0.1
............................................................................. e | MC sample size 1.5 3.8
............................................................................. Data sample size 24 6.0
| CMS Total uncertainty 9.9
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CDF momentum scale calibration

» CDF precisely calibrates their tracker to
~25 parts per million, using quarkonia

» Calibration validated measuring mzin
dimuon events

» Then, for the mw measurement they
combine the scale from quarkonia and
Z, BUT they don’t assign an additional
closure uncertainty from the statistical
uncertainty of their mz measurement

» Their precise tracker calibration is then
used to calibrate the calorimeter energy
for electrons using E/p (possible thanks
to the low material in their tracker)

mzPPG =91187.6 + 2.1 MeV

Aplp ()

Events / 0.007

- —— JIy—uu

4ok —*— Y —up

—— Z-uu
-4 combined

-1.4 —.‘¢3 J’ + +‘H‘+++¢”¢#: et H
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1.6
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CDF measurements

Source of systematic mr fit p5 fit pr fit
uncertainty Electrons Muons Common |Electrons Muons Common |Electrons Muons Common
Lepton energy scale 5.8 2.1 1.8 5.8 2.1 1.8 5.8 2.1 1.8
Lepton energy resolution 0.9 0.3 -0.3 0.9 0.3 -0.3 0.9 0.3 -0.3
Recoil energy scale 1.8 1.8 1.8 3.5 3.5 3.5 0.7 0.7 0.7
Recoil energy resolution 1.8 1.8 1.8 3.6 3.6 3.6 5.2 5.2 5.2
Lepton u| efficiency 0.5 0.5 0 1.3 1.0 0 2.6 2.1 0
Lepton removal 1.0 1.7 0 0 0 0 2.0 3.4 0
Backgrounds 2.6 3.9 0 6.6 6.4 0 6.4 6.8 0
p% model 0.7 0.7 0.7 2.3 2.3 2.3 0.9 0.9 0.9
p¥ /p% model 0.8 0.8 0.8 2.3 2.3 2.3 0.9 0.9 0.9
Parton distributions 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9
QED radiation 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Statistical 10.3 9.2 0 10.7 9.6 0 14.5 13.1 0
Total 13.5 11.8 5.8 16.0 14.1 7.9 18.8 17.1 7.4
Combination mr fit p4 fit pr fit Value (MeV) x? /dof | Probability
Electrons Muons|Electrons Muons|Electrons Muons (%)
mr v v 80439.0+9.8 |1.2/1 28
P v v 80 421.2+11.9 |09 /1 36
DT v v |80427.7+13.8 |0.0/1 91
mr & pr v v v v 80 435.4+9.5 (4.8 /3 19
mr & pr v v v v |80437.9+9.7 (2.2/3 53
pe & ph v v v v |80424.14+10.1(1.1/3 78
Electrons v v v 80 424.6 £13.2 (3.3 / 2 19
Muons v v v |80437.9+11.0 |3.6 /2 17
All v v v v v v |80433.5+94 |74/ 5 20
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