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Precision tests of the Standard Model and the
Higgs boson at the LHC

* Recent results from the ATLAS and CMS collaborations have sharpened our understanding of the
electroweak sector as well of the scalar sector (Higgs boson), testing the Standard Model (SM)

with unprecedented accuracy

* Precision Tests:
- Standard Model: Updated measurements of W boson mass and width

- Detalled studies of Higgs boson properties: mass, decay width, and couplings

* Results are broadly consistent with SM predictions, given the current experimental and theoretical
precision, but still leave considerable room for BSM contributions.

* Interpretation with Effective Field Theory (EFT)
- EFT provides a model-independent framework to explore BSM physics

- Describes potential new interactions via higher-dimensional operators
- Sharpens sensitivity to small deviations from SM behaviour
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Electroweak physics
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W mass & width

W mass:
* Predicted with a precision of 6 MeV, but measurement in data less sensitive ,  mZ V8ra(l + Ar)
(c.f. m, ~ 2 MeV uncertainty) miv = (MY \ : Grm%
- Neutrino forces us to use less direct observables to infer constraints on the
mass = many systematic uncertainties to control
» Sensitive to loop corrections from heavy particles (Higgs, top quark, or new Ko HO A0 H*
physics). Lo~
- Deviations from SM predictions suggest potential BSM physics. ! I\
- Recently measured by CDF in 2022 was most precise to date (9.4 MeV o el
uncertainty) but in significant tension with other measurements ies W
W width:

* Sensitive to the total decay rate of the W boson — tests electroweak theory
and couplings

* Precision measurements constrain possible invisible or exotic decays
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W boson mass in CMS

Dataset Overview

e Based on a well-understood subset of 13 TeV data (~16.8 fb™ from the 2016
run with an average pileup of ~30)

e | arge statistics: over 100 million W — pv events

Theoretical Modeling

e Uses the most accurate theoretical models and uncertainty estimates
available

e |n-situ constraints derived directly from the W — v data sample
Muon Calibration
e Primary calibration from J/{ — pyp, validated using Z — pup
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https://arxiv.org/abs/2412.13872

W boson mass in CMS

Most precise 11, measurement at the LHC:

- Measured with uncertainty of 9.9 MeV

- Comparable to CDF precision but consistent with SM
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: Impact (MeV)
Source of uncertainty Nominal Global
Muon momentum scale 4.8 4.4
Muon reco. efficiency 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 24 6.0
Total uncertainty 9.9 99
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W boson mass and width in ATLAS

ATLAS performed the first measurement of FW at the LHC, most precise from single experiment

e W — evand W — uv candidate event, subset of 7 TeV data (~4.6 fb™* from the 2011 run with an

average pileup of ~9)

e Both my, and | ', extracted from simultaneous fit to p%, and m%

e Extensive comparison to different PDF sets, and new conservative baseline PDF CT18 was selected

Overview of I, measurements

I, =1996 = 140 MeV

L3
Eur. Phys. J. C 47 (2006) 309
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Higgs physics
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The Higgs Boson: from discovery to precision

The discovery of the Higgs boson in 2012 by ATLAS and CMS was a milestone that opened the door to the
study of a new sector of fundamental physical interactions

Since then, extensive measurements have been conducted to study its properties, including mass, decay
width, spin, CP properties, production cross-sections, and couplings

With Run 2 data (2015-2018) ATLAS and CMS entered the Higgs precision era

Eur. Phys. J. C 84 (2024) 78 Submitted to J. High Energy Phys.
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Higgs mass

» my is a fundamental/free parameter of the Standard Model
« Two golden channels: H — yy and H — ZZ — 4l for my; measurements

Precision at the end of Run 1: ~2%., achieved from both ATLAS and CMS (H — yy and H — Z2)
Current Precision: ~1%., with statistical limitations still in play

Submitted to Phys. Rev. D PhysRevl ett.131.251802
CRMS 2 138 fb-1 (13 T V) | I I I 1 I I I | I | l I | I 1 I 1 | 1 | I | | | | l | | | |
un < © —— Total Stat. Only inati
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— (;43 Run 1 Combined F—o : 125.38 + 0.41 (+ 0.37 + 0.18) GeV
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Higgs total width CQap e

| %
* In the SM scenario no direct measurement possible due to detector resolution O(1.5-3 GeV) < 7
e Measurements of I ;in H — ZZ channel comparing off-shell and on-shell production

eUseof H - ZZ — 4l + H — ZZ — 2[2v to enhance sensitivity New innovative Al technique from ATLAS
Neural simulation based inference (NSBI)
CMS-HIG-21-019 Submitted to Rep. Prog. Phys.
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Inclusive fiducial cross sections measurements

* Fiducial measurements represent the most model-independent way to measure H boson production cross section
» First inclusive fiducial cross section measurements by ATLAS and CMS at \/E = 13.6 TeV performed Iin

H— 77— 4land H — yy
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Measurements are in agreement with SM

Combined
= 58.2 8.7 pb

6P = 59.9 + 2.6 pb

predictions within uncertainties
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Differential cross sections measurements

* The differential cross section of the Higgs boson provides a more granular view of its production
mechanisms and decay channels

o It describes how the production rate varies with respect to kinematic variables (pﬁ, Vi, INJELs . . .)

* Analysing these distributions allows us to probe the underlying dynamics of Higgs production and to
identify deviations from the SM predictions
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Simplified template cross section (STXS)

* Measure production modes separately,

ATLAS Run?2
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https://www.nature.com/articles/s41586-022-04893-w

Legacy Run 2 STXS Combination by CMS

- Ultimate precision via statistical combinations

» Evolution of Nature Combination [Nature 607, 60-68 (2022)}" 102:

,with new input analysis and results
* New/updated channels + many more interpretations

H—=yy, H>Z2Z" -4, H->WW*—=lvly, H—=77, H—=bb, H—py,
H—Zy
» Each channel targets multiple production modes
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STXS Combination

CMS-PAS-HIG 21-018
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STXS Combination - SMEFT

 SMEFT introduces higher-dimensional operators to the SM
Lagrangian, capturing effects of heavy new physics at a scale A » v. ="

CHBox

- |t offers a model-independent way to probe BSM physics via
deviations in SM processes, 2
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- Fitting one operator at a time, other fixed at SM (=0) cal1®)
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* Providing results for linear and linear+qguadratic
constraints
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* Overall agreement with SM
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STXS Combination - SMEFT

« BSM physics typically affects multiple SMEFT operators simultaneously

* PCA procedure on 97 POI covariance matrix to identify sensitive directions

e Simultaneous fit to 17 linear combinations of SMEFT Wilson Coefficients
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Summary and outlooks

« W boson and Higgs boson properties have been measured with unprecedented precision by
ATLAS and CMS experiments

* Observations remain consistent with SM predictions, but small deviations and uncertainties leave
space for potential BSM effects.

 Model-independent approaches like SMEFT sharpen sensitivity to subtle signs of new physics.

« HL-LHC and future facilities will push precision further and may uncover signs of BSM physics
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STXS Combination - SMEFT

« SMEFT model is the most used and accepted theory [arxiv:2012.11343]
 Parametrise STXS & decay rates as a function of Wilson Coefficients (WC)

(d)
()
Lomerr = Ly + Z ) Ad —9;
d jeO@)

: - . 1+ Alej + T Biejcr ) - (1+ X Al c; + X Bleje

Total scaling yuf(a)z%md.ygecay:( J ( Ji Jk tt) ( tJt jik =k )
14 X A% + X Bitejey

* Linear expansion (@) =1+ Y (A + Al — A,

uf (@) =1+ Z(A’ + AL — AY)c; + Z(B x + Bl — Bcicy

+ (EA ZA Z.A (ZAtOt ZA ZAtot ZAtOt

* Linear + quadratic expansion
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