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Motivation for precision measurements

Precision measurements — pivotal role in refining the SM

Test self-consistency of the SM
- look for tensions in direct or indirect measurements
- deviations could arise from new physics

— contribute to shaping a more comprehensive model of the origin of matter and cosmology
— understanding features that affect the early universe and its eventual fate
(e.g. shape of the BEH vacuum potential and the EW vacuum stability)
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cross section measurements from millibarns to femtobarns
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-004/

Z and W ross—settion

CMS-PAS-SMP-22-017
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Multiboson production: WZ

WZ cross-section @13.6 TeV in leptonic final states
— very clean final state (85% S/B purity after selection)
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Multiboson production: WZy
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-018/

EW miting angle: sin*0" .,
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First observation of yy—17 in pp collisions

— 5.30 observed ) -
P > Jrr > P
/ 138 o' (13 TeV) W, Niracks = 0 138 1o (13 TeV)
I T T o T F T T ] —1
%2000 Zr o Doy et £ 0 CMS | ousenvea [ 2 (0 W CMS 138 b (13 TeV)
> C C J - o o o
m : AT 2505— [z - w [ detmis-0 E . Observedl - ‘6€|3/? (?L‘ - QSACL _
15001 200; .yy — 1T DUncertainty E (e)epﬁ)Lz — 1Ty I
J000F- 150 = = PLB 434 (1998) 188
: 100 = L3 B
500 F s . ee > Z — 11y :
: 50 3 PLB 434 (1998) 169 '
; : DEE??II (y from e) ——
B 100y Bl ine T 0o hie l g sl | | - EPJC 35 (2004) 159 s
, *F |4 i ———— |
2 e e — ATLAS -
g O fi} | *% i § 0.5 —SMa, —a,=0.008 - Yy — 1t (y from Pb) ;
w o 1 2 3 4 5 6 7 8 9 766 150 500 PRL 131 (2023) 151802 5
Ntracks
i V CMS |
/ Myis (GeV) ¥y — 1t (v from Pb) *
. e PRL 131 (2023) 151803 !
Constraints on a_from m, _ distribution s . |
10.0016 T0.0028 " Rt i
— . : This result :
a, = 0.00097 9015 (5Y5t) 90027 (Stat) oF 00 0 008

A.Cappati 8


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html

Top quark

Deep connection to both EW and QCD sectors
Large m, — Yukawa coupling ~ unity — key parameter for vacuum stability

Excellent setting to test pQCD predictions (cross-section, ag..)

Production and decay Phys. Rev. D 97, 056006 (2018)
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https://link.springer.com/article/10.1140/epjc/s10052-018-6131-3
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.056006

fop quark pair production

CMS-TOP-20-006

tt cross-section @13 TeV, ll+jets events

— complete set of differential results

: — 1D distribution reasonably
- production and decay observables

well described

- single, double, triple differential Additional jets — 2D/3D often not well
- particle and parton level (for comparison to pQCD computations) described by any generator
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-006/index.html

fW production

g t g t

Single-top +W cross-section @13.6 TeV, in eu channel
- sensitivity to V,, and b-PDF
- tW@NLO mterferes with t b
- large ft background — ML to separate tW from tt
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
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Improvements to the measurement over the past years: better
calibrations, alternative techniques, improved theoretical modelling

Indirect measurement, from cross-section
— ~1% precision

Direct measurement, from top quark decays
— better precision
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Higas

boson

Over 10 years after the Higgs boson discovery
— Many new measurements possible, new channels accessible
— H properties studied with precision

107"

10%
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- main production processes and decay
\ channels established
- measurement more differential

t - search for decays to second generation
----- H - search for HH

_ Nature 607 (2022) 60-68
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https://www.nature.com/articles/s41586-022-04892-x

M production cross-section

H fiducial cross-section @13.6 TeV, in 4l and yy final states
— crucial validation for Run3 data and objects (e, u, y) performance

measurements still statistically dominated
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html

Cross-settion for production/decay mode

Signal strength: ratio of the measured cross-section and the SM expectation

By production mode,
assuming SM BR

~10% precision

~20% precision

All main prod. modes
observed with
significance > 50

— tH production not yet
observed
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https://www.nature.com/articles/s41586-022-04892-x

Cimplitied Template Cross-Sections

More data available — probe the Higgs kinematics in a more model independent way

STXS: categorize events in simplified kinematic regions STXS Stage 1.2 - splitting

.. e . . : based on number of jets and
— maximize sensitivity to isolate BSM effects while reducing theory dependence kinematic selections (p,")

STXS categories cMs H—4l 137 fo~' (13 TeV)
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More public results available for other channels ” - B - B e
Eur. Phys. J. C 81 (2021) 488
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https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x

Ditterential fiducial cross—sections

key to Higgs boson properties characterization (production and decay) H—77 channel great
— test SM predictions for full spectra of variable of interest handle for large jet
— measured in fiducial phase space — largely model independent multiplicity region
CMS 138 b (13 TeV) 138 fb'' (13 TeV)
—_~~ :\ TTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT ‘ TTT \: — . . | | | | ' i : | | | | | : i . . . ; . . ; .
FU” Run 2 reSUItS from CMS g 8;‘ + Data (stat. ® sys. unc.) p-value(POWHEG): 0.84_§ ,_g 103 [ CMS l G‘) g::::z::-no roquiartzation :
in different decay channels g . 7= =~ —— orerweuomm - S GoH PONHER) X
) 3 % SM (POWHEG + JHUGen + Pythia) E r XH = VBF + VH + ttH (POWHEG) ]
. . o 6: % AC (POWHEG + JHUGen f =1 + Pythia) B = \/""iﬁ‘f’ g _
CO”S'Stent Wlth SM, meas. \'O 53 (LHCHWG YR4, m, =125.38 GeV) é 102 = ?’WMM =
still stat. limited L4 : ]
o = s
2 g E
In H-ZZ*—4l ME discriminants, =% i [ . . . l |
Clitd | | I\ 11 m L1l | | 111l L1l L1l \I 1 bato ' '
1+1 3 TTTT T.LLL TTTT TTTT i TTTT i T T T TT T T i T T T Ty T T T iTTTT 2
sensitive to HVV anomalous L o | AR R A S Al A I T
H @ 3 N 1 - :
couplings e 25 ; TR . ;e T
q - : g } T R L I U o o i
— D, “¢sensitive to possible £ o5 | e 15 % | | ‘ |
CP-violation effects % 01020304 0506070809 1 & 0 1 2 3 4 " 5
d '
JHEP 08 (2023) 040 Dg*°(4e+4p) Phys. Rev. Lett. 128 (2022) 081805 jets
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http://dx.doi.org/10.1007/JHEP08(2023)040
http://dx.doi.org/10.1103/PhysRevLett.128.081805

Anomalous Couplings

Couplings modifiers per interaction vertex

\ does not cover all effects

Cross-check of linear
behaviour of vector
bosons and Yukawa
couplings

2
---- gv =2"%

v

m
- gr=vAY

H confirmed to be spin 0, and consistent with CP++ since run 1

— pure CP-odd state excluded # CP-even state — active studies
— compatible with SM for now

Constraints on CP-even and CP-odd

Wilson coeff in H-WW—2I2v

CMS 138 o™ (13 TeV)

xpected

| —e— Observed Best fit 68% CL

CMS 138 fb™' (13 TeV)
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10745.| | | MR | E
= 1.4 T RIEREAL) — ]
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Nature 607 (2022) 60-68

Particle mass (GeV)

Cho 076  [-4.19, 0.67]
Cib 012 [-0.44,0.81]
Chw 0.08  [-0.79, 0.51]

Chws N 0.17  [-1.62,1.05]
Chg i 0.03  [-0.23,0.16]
Coiv -0.26  [-0.76, 0.41]

Cive i 054 [-1.57,0.83]
o

HB

-0.08  [-0.23,0.12]

Gl e b b e Lo e Lo L

-4 -3 -2 -1 0 1 2 3 4 5

EPJC 84 (2024) 779 Parameter vale
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https://www.nature.com/articles/s41586-022-04892-x
https://link.springer.com/article/10.1140/epjc/s10052-024-12925-0

Higgs boson mass

Measurement in decay channels with good resolution: H—yy and H—-ZZ*—4l|

In H—4l

2D fit over m,, and kinematic discriminant CMS Preliminary

— 9 mass resolution categories Run 2: 138 fo (13 TeV) — Total Stat. Only
Run 1:5.1 fb™ (7 TeV) + 19.7 fb™' (8 TeV)
_CMS Simulation Preliminary 13 TeV Total (Stat Only)
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o .
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g o .4
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o, =315 Gev N3 Run 2 (. 125.047,7 () GeV
] —— G : L Run 1 [—=—=—=  125.605,° (\'") GeV
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Ma (GeV) { Run 1 + Run 2 I-I-l 125.08175 () GeV ]
Most precise single-channel / — L —
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measurement (0.1% precision) m,, (GeV)

CMS-PAS-HIG-21-019
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html

higgs boson width

SM H width (4.1 MeV) — inferred from off-shell/on-shell cross-section ratio in pp—H—ZZ (41+212v)

O, it
offshell x 'y CMS Freliminary 138 6" (13 TeV)
Oonshell ' | | ]
- Observed
B Expected ]
Off-shell region (m, " > 200 GeV) studied in I 41 off-shell + on-shell |
H_)ZZ—)4I and H_)ZZ—)ZIZV 20_ 41 off-shell + on-shell + 2I2v off-shell )
+ combination with on-shell H—ZZ—4l —C'
<
B +2.3
I'y = 2.9_1'7 MeV N
In agreement with SM predictions 10
In addition:
- direct constraint on I' : <330 MeV @95% CL
- zero off-shell H production hp excluded at 3.9¢ 05
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html

K production

HH production — directly study Higgs boson
self-coupling and Higgs potential

g H . . H
, t
/
H
----- < AHHH
\
\
A\
A -
g H g W H

destructive interference in SM — tiny cross-section (31.05 fb) —
Experimentally challenging

Many improvements over past years
— promising results!

o(HH) < 3.4 (2.5) o,

-1.24 (-2.28) < k, < 6.49 (7.94)

0.67 (0.61) < k,, < 1.38 (1.42)
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WW yy
Expected: 52
Observed: 97

bb WW
Expected: 18
Observed: 14

bbZZ &
Expected: 40
Observed: 32

Multilepton ¢
Expected: 19
Observed: 21

bb yy &
Expected: 5.5
Observed: 8.4

bb Tt &
Expected: 5.2
Observed: 3.3

bb bb &
Expected: 4.2
Observed: 7.2

Comb. of &
Expected: 2.5
Observed: 3.4

CMS HIG PAG Summary plots

i

CMS Preliminary 138 tb™ (13 TeV)
T T ———
K =K =1 —e— Observed ~ ----- Median expected
Ky = Kpy =1 B 68% expected
----- 95% expected

CMS-PAS-HIG-21-014

CMS-PAS-HIG-21-005

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

JHEP 03 (2021) 257

Acc. by PLB (2206.09401)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma

Conclusion and prospects

A.Cappati

Selection of recent precision measurements at CMS presented
Many other results available, not covered by this talk!

The LHC has proved to be more than capable as a precision physics machine
Comprehensive characterization of the SM
— measurements becoming more precise and more differential

— probe more extreme regions of phase space

Overall good agreement with SM predictions

Much more to be learned about the SM with Run3 and HL-LHC data!
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