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The quest for EW precision

o Goal: test the self-consistency of the SM
- Higgs boson discovery and precise my measurements

= Electroweak sector over-constrained

= |dentify tension between direct & indirect constraints on

observables

- Deviations may be due to new physics in higher order virtual
corrections

e Today:the W boson mass

e mw predicted with a precision of 6 MeV, but measurement in data less
sensitive (c.f. mz ~ 2 MeV uncertainty)

- Neutrino forces us to use less direct observables to infer constraints on
the mass = many systematic uncertainties to control

o Recently measured by CDF in 2022 was most precise to date (9.4 MeV
uncertainty), but in significant tension with SM
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-002/index.html

Muon efficiencies

e Granular corrections for tracking, reconstruction, identification, trigger, isolation efficiencies

- Using Z—pu tag and probe, vs. muon (n, pr) and typically charge

e |solation efficiencies account for measurement bis in Z vs W events
- Muons produced in the vicinity of the hadronic recoil

e Smooth scale factors vs prto reduce overall statistical uncertainty
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Muon momentum calibration

* (alibrate with quarkonia — extrapolate to
W/Z pr range

e Approach:

1. Tune simulation precision to remove small
biases

2. Refit muon tracks w/ Continuous Variable
Helix (CVH): improve accuracy + better B-
field & material modelling

3. Correct for local B-field, material and
alignment biases between data and reco.
model w/ generalized global corrections
(adding parameters for B-field + energy
loss)

4. Derive final residual scale difference
w/ J/P mass fits (fine bins in n*,p1t, N, PT)
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Curvature bias vs charge & momentum

CVH refit and global corrections necessary to remove all local biases
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Muon momentum calibration

* Validated with Yis—=up and Z— pu for
remaining scale difference in terms of B-field
and alignment-like parameters

o Statistical uncertainties on J/ calibration
parameters scaled by 2.1

- Cover all possible patterns of bias or missed
systematic effects

e Z notused in final calibration, but
uncertainties from J/{ vs Z closure are
included
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mz dilepton mass fit —

o Validate calibration and uncertainty model by fitting for m;

- Uncertainty dominated by calibration
m,—m,”°% = —22+48MeV = — 2.2 + 1.0 (stat) £ 4.7 (syst) MeV

e NB: not yet an independent measurement of m;
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Theoretical model

e Simulation: MiNNLOps + PY8 + Photos =0(as2), but limited logarithmic accuracy for W/Z pr

do 3

dUu+L

dp2 dmdydcos 0 d¢* 167

dps dm dy

o oUtl corrected to resummed SCETLIB + DY Turbo prediction (N3LL + NNLO)

Resummed calculation

"Theory nuisance parameters”
Well-defined correlation model
across phase-space and between

W and Z (E. Tackmann)
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Non-perturbative

Related to intrinsic parton
momentum: empirical model w/
Gaussian smearing of parton
momenta - large a-priori unc.

Missing higher orders in as
UR, UF variations
+ variations in matching scale


https://indico.fis.ucm.es/event/20/contributions/529/attachments/342/600/2024-04_16_SCET_TNPs.pdf

Theoretical model

o PDF sets give well-defined correlation structure in their

uncertainties

e But do not always agree with each other within uncertainties

e = Scale pre-fit PDF uncertainties until expected mw shift from

other sets within uncertainties

- Does not mean PDF are uncertainties are underestimated, only that

they do not all cover wrt. other sets

e CT18Z chosen as nominal
- Covers others without scaling

o Other uncertainties not discussed here (backup):

- Uncertainties in angular coefficients + impact of PYTHIA intrinsic kt

- EW uncertainties
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W-like fit + ptZ validation

mz — mEDG — —6 £ 14MeV

‘ ‘ ‘ T
CMS Preliminary

Events/GeV

Data/Pred.

o Agreement with PDG value: main uncertainties statistics (6.9 MeV), calibration

(5.6 MeV) and angular coefficients (4.9 MeV)

e Results compatible fitting different mZ in n regions, and with charge different
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e Validation of ptZ modelling:

propagate (pr, n, charge) fit
results to unfolded prZ
spectrum, compare to
direct pti, yru fit

o Direct fit gives stronger
constraints, but both
compatible
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e Gives confidence my can be measured without tuning pt¥W via Z data
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Other ingredients for fitting W events

e Non-prompt: extended ABCD method, validated in

secondary vertex control region
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o Hadronic recoil: do not fit mr directly, but part of event
selection and non-prompt estimate

e Use DNN-based "DeepMET", recoil response calibrated in

Z— UM events
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My Measurement

e Two approaches to breakdown of uncertainty
- "Global" used in most recent ATLAS myw results

. Impact (MeV)
Source of uncertainty Nominal Clobal
Muon momentum scale 4.8 44
Muon reco. etficiency 3.0 2.3
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 2.8
Nonprompt background 3.2 1.7
Integrated luminosity 0.1 0.1
MC sample size 1.5 3.8
Data sample size 2.4 6.0
Total uncertainty 9.9 9.9
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Helicity cross section fit

o Fitin-situ helicity cross sections o; = o

U+LA~
l’

e Theoretical uncertainties "traded" for larger stat. uncertainties
- NB: current data set & strategy does not allow constraining all components simultaneously
- Loose constraints to the nominal prediction are applied
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double-differentially in yW and ptW = 144 x 6 = 864 additional degrees of freedom

my =80360.8 + 15.2 MeV

e Compatible with nominal result

o Stable with looser or tighter initial constraints on the
helicity cross sections

A. Gilbert (LLR)

= Data is not preferring some mw value far from SM

o3 varied by independent factors: found to have
stronger impact as distortion induced in pt+ very
similar to shifts of mw
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Cross checks —
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Summary

e First my measurement from CMS

e Innovative strategy based on unprecedented
calibration of detector effects and theoretical
modelling, in a challenging PU environment

o Extensive validation using mj and the W-like mz fits

o Consistent helicity cross section fit with relaxed
constraint

e The SM appears to win, for now

24/09/24

CMS Preliminary C I\/I\S
A~ : >
= 190 — 68% and 95% confidence level JHEPLL N
()] | [ cMS, CMS-PAS-SMP-23-002 —~ \\
@) [IZI] CMS, Eur. Phys. J. C 83 (2023) 963 P
~— [ 68%, 95%, 99% credibility regions «ER W
E"" — 10 de Blas et al.,
B Phys. Rev. Lett. 129 (2022) 27
170 —
160 I_ | | | I | | | | I | | | | I
80.25 80.3 80.35 80.4 80.45
m,, (GeV)
CMS Preliminary
| | | T - |
my in MeV I
LEP combination | 80376 + 33 |_I_._| _
Phys. Rep. 532 (2013) 119 !
DO 80375 + 23 L _
PRL 108 (2012) 151804 !
CDF — 80433.5+9.4 I ey —
Science 376 (2022) 6589 !
LHCDb — 80354 + 32 I—L—I —
JHEP 01 (2022) 036 !
ATLAS _ 80366.5 + 15.9 1 _
arxiv:2403.15085, subm. to EPJC |
CMS | 80360.2 + 9.9 1 - L
This Work o | —= EW fit
I i I I
80300 80350 80400 80450

A. Gilbert (LLR)

mw (MeV)

16



24/09/24

Backup
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17



Angular distributions

24/09/24

@ Missing higher order uncertainties

propagated to angular coefficients
through variations of u, and pf in

MINNLOPS

While MiINNLOPS predicts
angular coefficients consistent
with fixed order calculations,
Pythia intrinsic k7 treatment
actually modifies them somewhat

@ In particular A; and A;s at
low boson p1 due to
Isotropic smearing

This effect may or may not be
physical — propagate the full
difference as an additional
uncertainty

0.4

Absolute value distribution

0.10 -

0.00

dO/dONLo -1

—0.10

0.04 1

0.00

do/donnLo + NLoew — 1

—0.04 -

Coefficient Ag for W~ (inclusive rapidity)

1.0 1

0.8 1

0.6 1

_—

J == NNLO + NLO EW (def)

0.05 1

— O = NLO NLO + NLOEW == NNLO

=0.05 1

0.02 1

—0.02 A1

e

—— NNLO + NLO EW (def) —— NNLO + NLO EW (exp)
100 200 300 400 500 600 700
pt(W ™) [GeV]

Eur.Phys.J.C 82 (2022) 8, 693

A. Gilbert (LLR)

800

18



Charge difference

24/09/24

S . Global impact (MeV)
ource of uncertainty . . . .
INMy+ —M,- INMy; INMy+ — My- 1IN My

Muon momentum scale 21.2 5.3 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

A. Gilbert (LLR)
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Goodness-of-fit for PDF sets

24/09/24

PDF sot Nominal fit Without PDF+«a, unc.  Without theory unc.
x?/ndf  p-val. (%) x%/ndf  p-val. (%) x%/ndf  p-val. (%)
CT18Z 100.7/116 84 i_25 3/116 26 103.8/116 78
CT18 100.7/116 84 153.2/116 1.0 105.7/116 74
PDF4LHC21 97.7/116 89 105.5/116 75 104.1/116 78
MSHT?20 97.0/116 90 107.4/116 70 98.8/116 87
MSHT20aN3LO 99.0/116 87 122.8/116 31 101.9/116 82
NNPDE3.1 99.1/116 87 105.5/116 75 115.0/116 51
NNPDF4.0 99.7/116 86 104.3/116 77 116.7/116 46

A. Gilbert (LLR)

Goodness-of-fit test statistics for different PDF sets when

fitting simultaneously the n* distributions for selected W (
W) events and the y## distribution for Z — uu events. The

fit is performed in the nominal configuration with all
uncertainties (left column), nominal configuration without PDF
and o, uncertainties (middle column), and nominal
configuration without theory uncertainties (right column). The

p-value denotes the probability for the observed data to agree
with a given configuration as well as, or worse than, it does.
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