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The discovery of the Higgs boson stands as the
LHC's defining achievement!

Despite discovering it just over a decade ago,
ATLAS and CMS have achieved an impressive

level of precision in measuring its properties.

Precision is important because the Higgs
boson lies at the core of the Standard Model,
making it a likely bridge to what exists beyond.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Mass measurements

The Higgs boson mass is not predicted by the
Standard Model — important experimental input!

e — e —

Resolution essential, and thus measured In the
H — yyand H — ZZ* — 4¢ channels



Results from ATLAS
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Event categorisation into 14 regions:

- signal-background ratio

- photon energy scale and resolution

- w/ or w/o photon conversion

Reduction of systematic uncertainty by

a factor of 4:

- photon energy scale and resolution,

- L+ dependence of the electron energy
scale (e.g. from calorimeter readout

non-linearity)
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ATLAS combination (Run 1 + Run 2)
my = 125.11 £0.11 (£ 0.09 stat.) GeV

Precision of 0.09%

PRL 131 (2023) 251802



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/

Results from CMS

More details in Ruben's talk (Tuesday)

ATLAS + CMS (Run 1)
my = 125.09 £ 0.24 (= 0.21 stat.) GeV

PLB 805 (2020) 135425 Submitted to PRD
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Improved calibrations. Beam spot included in the refit of muon tracks.
Dominant uncertainty: non-unitormity Improved event categorisation based on om, ./m,,

of light collections due to radiation
damage

Improved lepton momentum scale and resolution



https://doi.org/10.1016/j.physletb.2020.135425
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://indico.cern.ch/event/1391236/timetable/#58-measurements-of-the-higgs-b
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Width measurements

The Standard Model predicts a very small Higgs
boson natural width of around 4.1 MeV

Direct measurements infeasible, can set limits:

CMS 138 fb (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html

Higgs boson width from off-shell production

Nat. Phys. 18 (2022) 1329
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Evidence for off-shell

production has been claimed
by both ATLAS and CMS:

CMS: 3.80 (exp. 2.40)
Submitted to PRD

ATLAS: 3.70 (exp. 2.40)
ATLAS-CONF-2024-016

Destructive interference between the two
diagrams for the off-shell Higgs boson

production, scales as \/ yon—shellp


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://cds.cern.ch/record/2916090/files/ATLAS-CONF-2024-016.pdf

Higgs boson width from off-shell production

g Z Destructive interference between the two
..... diagrams for the off-shell Higgs boson
H
7 7 production, scales as \/ yon—shellp

Nat. Phys. 18 (2022) 1329 5 1
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://cds.cern.ch/record/2916090/files/ATLAS-CONF-2024-016.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html

Higgs boson width from off-shell production

More detalils in Ruben's and Will's talks (Tuesday)
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On-shell result based on: Nature 607 52 (2022)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://indico.cern.ch/event/1391236/timetable/#58-measurements-of-the-higgs-b
https://indico.cern.ch/event/1391236/timetable/#50-indirect-measurements-of-th
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html

Higgs boson width from off-shell production

More details in Jay's talk (Monday) <

20.0
ATLAS H —» Z/* — 4¢ measurement PLB 846 (2023) 138223 75
reanalysed based on neural simulation-based statistical inference (NSBI) 150
12.5
# . Ty =453 MeV - IT'yy =432 MeV
gg — Z7* — 4¢ plus 202 : g=43 5 MeV =1 yp=45"75 Me 10.0
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5.0 -
Dimension t Data Binned Poisson 2'5,.
reduction e likelihood 0
Z(u, 0| Data)
. Optimal when signal scales linearly
Ristogram with the parameter of interest
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TLAS Preliminary

Vs=13TeV,140f — . O0bs NSBI
——— Exp NSBI
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-------- Obs NSBI stat-only
----- Exp NSBI stat-only

NSBI

px(x|p) pxlpw)  pstx|p) | pix|p)  pplx|p)

| x| )

pref(x) pref(x) — pref(x) 8 pref(x) pref(x)

pref(x)

Use neural networks to Per-event generalised probability density
learn for each process P ratio is used to build the test statistic
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
https://indico.cern.ch/event/1391236/timetable/#7-atlas-joker-talk-123
https://cds.cern.ch/record/2916090/files/ATLAS-CONF-2024-016.pdf
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Higgs boson couplings

wW/Z

Gluon-gluon fusion (ggF) Vector boson fusion (VBF) ZH/W H production

ttH production tH production

Nature 607 52 (2022)
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Impressive precision in measuring couplings to W

and Z bosons and third generation charged fermions

Particle mass [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Interpretation: x framework

More details in Oliver's and Massimiliano's talks (Tuesday)

CMS 138 fb™' (13 TeV)
® (Observed +1 SD (stat)
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Nature 607 60 (2022)
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Production and decay
parametrised in terms of

coupling modifiers (k)

Similar sensitivity between
the two experiments,
consistent with the SM

At HL-LHC, expected to

measure these k’s with a
precision of 2-5%
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html
https://indico.cern.ch/event/1391236/timetable/#55-combined-higgs-boson-measur
https://indico.cern.ch/event/1391236/timetable/#78-higgs-combined-measurements

Relative sign of W and Z couplings
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More details in Marion's talk (Wednesday)

In VBF WH production, the Higgs boson interacts either
with W or Z boson (parameterised by k, and «y)

Probing ky, /K, sign (previously unconstrained)

= Higgs combination: constraints well |k,| and | k|,
" but not the relative sign between the two couplings

~ VBF WH analysis: constraints less |k,| and |k |,

but excludes regions around (1, -1) and (-1, 1)

Opposite-sign hypothesis excluded with significance
much greater than 5o by both experiments
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-21/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-007/
https://indico.cern.ch/event/1391236/timetable/#52-measurements-of-higgs-boson

Interpretation: SM Effective Field Theory (EFT)

More details in Oliver's talk (Tuesday)

To estimate potential impact of high-mass-
scale BSM contributions:

N _¢
6
EFT — gSM‘l‘ Z_@( )+

Z’s

/A - Assumed energy scale (1 TeV)
c; - Wilson coefficients
O. - SMEFT Operators

(Warsaw basis used, CP-even O probed)

From combination: Cross-sections (STXS)
and branching ratios parameterised in terms
of the impact of SMEFT operators

The fit is performed in a rotated basis, defined
by balancing fit stability and fit-parameter
interpretability. Directions for which there is no
constraining power are fixed to SM (zero)
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Parameter value scaled
by symmetrized uncertainty (¢’ /o)

arxiv:2402.05742
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| HverF
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l tH
inclusive

10.32

1

3.2

10

Probed Scale (A/\/0) [TeV]

32

e Best Fit
— 68 % CL
....... 95 % CL

18 linear combinations of Wilson coefficients constrained - consistent with the SM!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-17/
https://indico.cern.ch/event/1391236/timetable/#55-combined-higgs-boson-measur

Interpretation: SM Effective Field Theory (EFT)

More details in Vasilije's talk (Wednesday)

Potential impact of high—mass—scale BSM contributions:

Input analyses
H-yyH—7Z7% - 46, H—> WW~ = e*u v, H - t4c~

Rotation matrix: Warsaw basis — Fit basis

CMS preliminary 138 fb' (13 TeV)
EVO -0.09 -0.30 0.26-:044 004002 002 002\ = 499589.612
EV1 0.14 0.26 . 0.08-0.15  0.01-0.03 A =118374.210
EV2 . 0.04-0.01-0.03 -0.010.040.16  0.04-0.060.03 -0.070.02 0.14 0.03 A =106.874
EV3 0.10 0.09 0.04 0.01-0.010.03 0.01 0.04 0:6-0.03-0.08 -0.05-0.14-0.010.10 . 0.01 A =8.133
EV4 0.07 -0.410.12 -0.01-0.180.41 0.37 -0.100.16-0.40-0.020.10 0.01-0.01 A =2.133
EV5 -0.12 -0.17-0.070.01 0.010.04-0.14  0.10f0N#10.18 0.28 -0.090.04-0.10-0.24  :0.45-0.100.03 A =0.535
EV6 -0.14-0.080.01 -0.060.05-0.15 0.050.190.18-0.02-0.01  -0.140.17-0.04-0.17  0.18-0.05-0.02 A = 0.096
EV7 -0.02 -0.20-0.18-0.02  -0.280.07-0.100.02 0.33 0.07 0.11 0.05 0. 10.0 12-0.14  0.26 0.09-0.04 A =0.039
EVS 0.03 -0.18-0.030.05 0.390.08-0.27  0.310.320.36 0.32 0.04  -0.12-0.25-0.18-0.230.02 0.28-0.150.18 A = 0.021
EV9 -0.010.02-0.02  0.03-0.05-0.02 .-0.01 0.06  -0.12-0.11-0.08-0.030.02-0.03  0.450.30 0.09 0.03-0.01-0.020.04-0.09 A =0.006
FFEFFF RN EEEERE R R R FEFFE
& E é]:) E E ;g ch_) g LGEJ g CGC) n(]:.)

SMEFT interpretation of H — yy, electroweak vector boson, top quark
and multi-jet measurements also performed: CMS-PAS-SMP-24-003

CMS-PAS-HIG-23-013

CMS Prellm/nary 138 fb~! (13 TeV)
- Combmatlon95/ CL L
== Combination 68% CL
@ Combination Best fit
— = Combination expected 95% CL
=== Combination expected 68% CL | —— —_
EVO x10738 ® Cgmbin:tign :xzzzt:d Best fit __:8:__'
EV; x10-2 = =
EV, x10-1 Siajulr~. Smiuly
EV3 x 1 0—1 [ " s
EV, = -
EVs e—— 7
EVg ~TTIIIIT . CoIoII
EV- x10 i oy
EVg X 1 0 -z _..._-.
EVg x10 JIIe— T
L L L L | L L L L | L L L L L L L L | L L L L | L L L L
-15 -10 -5 0 5 10 15

Parameter value

Chg x1078
Cug x1078
Chwg x107°
Re(cpy) x1072
Cyw x1072
Re(cg) x1072
Im(cpy) x107"
Crpox x 107"
Chg x107
cﬂ; x107"
CS’& x107"

c® x10-1

Chy x107

c!) x10-1
Re(cig) x10™
Re(cy) x107!
Re(cyy) x10~!
cw x107"
Re(cps)
Im(Cen)
Re(Cen)

CHb

CHD

CHe

(1)
Chi

(1)
Cha

3)
Cha

|m(wa) x10
Re(wa) x10
Re(cyn) x10

CHt X102

— = Combination expected 95% CL
= Combination expected 68% CL S
® Combination expected Best fit
11111111111111 L L L L | L L L L | L L L L

CMS Preliminary
T T T T | T T T T | T T T T

138 b1 (13 TeV)

== Combination 95% CL
= Combination 68% CL
® Combination Best fit

Parameter value

10 linear combinations of Wilson coefficients
constrained, consistent with the SM!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html
https://indico.cern.ch/event/1391236/timetable/#61-eft-interpretations-in-the
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-003/
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CP violation: r7H interaction

ttH and tH production: Adding CP-odd
admixture to the top-Yukawa coupling

Z i = — Y Hy, (K+iysk,)

SM:x, =1, kK, =0

K
COSQ = : > (.39 at 95% CL

\/Kt2+l?t2

Results consistent with the SM (no evidence of
CP-odd admixture to the top-Yukawa coupling)

Similar results by ATLAS

CMS 138fb~1 (13 TeV)
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
H = bb H-WW/irt  _--777" ~
/,","‘\ \
S NN

-

‘———’

--—_—’

~

~

‘-’

E H-vyy/ZZ ; combined E
E ; /] E
- 1 t -
: | | | | | | | | | | | | | | | | | | | :: | | | | | | | | | | | | | | | | | | | :
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Submitted to JHEP

18


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/index.html

CP violation: VVH interaction

SMEFT to probe the CP nature of the VVH coupling, VBF production: 3 CP-odd operators e Expected

CP-odd

CP—ev
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PRL 131 (2023) 061802, VBF H — yy (ATLAS)
cw € [—0.53, 1.02] at 95% CL

Other two Wilson coefficients fixed to zero

No significant CP-odd component
observed in any of the measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html

Conclusion
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Great precision in measuring Higgs boson mass
Combined ATLAS and CMS result expected?

Higgs boson width determination relies on off-shell
to on-shell signal strength ratio. Observation of the

off-shell production around the corner?

Excellent precision in measuring couplings to W
and Z bosons, as well as third generation fermions.

No evidence of CP violation in Higgs boson
iInteractions.

All results consistent with the Standard Model!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Thanks for your attention!
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https://arxiv.org/abs/1607.03773

Charm-Yukawa coupling

Not quite on the topic of precision,
but impressive results from ATLAS and CMS:

More details in Marion's talk (Wednesday)

ATLAS-CONF-2024-010
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ATLAS Preliminary
\s=13TeV, 140 fb™

VH, H— bb/ct

Observed 95% CL.
Expected 95% CL.
- Observed 68% CL.
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Indirect measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-010/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html
https://indico.cern.ch/event/1391236/timetable/#52-measurements-of-higgs-boson

