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Higgs boson with my~ 125 GeV
announced by ATLAS and CMS on
July 4, 2012, during ICHEP 2012
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Current state-of-
the-art
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/

-Nf- - e LI} : Nature 607 (2022) 60
. Current state-of-the-art: Higgs boson couplings Nature 607 (2032) 5
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

_Current state-of-the-art: Production and Decay

? 5B

g8F v

g Q0

= 1 02E =
Q —
Q. =
‘= — ATLAS Run 2 -
L - |
7] = =
3 - o -
o B i
& _
e —F— 7k
= ¢ Data (Total uncertainty) T 2 3
[ E N
10 = H SM prediction —
_ | | | | N
= 1.5 | | | I E
o [ 7 % 10
.9 = —t - O
g T -
o 0.5 l l | | J-10
ggF + bbH  VBF WH ZH ttH tH
Production process
4 /b
q VH wiz
tb/c K t Wz KW . o g Kt
A - VBF @----- ; KW,Z ttH @----- H
b/ e N\ 4
¢ b b

1

Branching fraction
3
I T [IIIIIIr I II%III

Ratio to SM

Nature 607 (2022) 52
Nature 607 (2022) 60

ATLAS Run?2

B

| IIIIIII|

T TTTI
| Il]IIII|

—_—

¢ Data (Total uncertainty) —— %

See talks by Xiao Yang and
Jan Lukas Spah for more

N
b
L

=1
| | | I | |
bb ww T zZ ¥ Zy pp
Decay mode
b/c t/u Wiz v
w
..... ——— e W
Kb,c,‘r,u KW,Z w
ble t/u w/z y/Z

Main production and decay processes observed, measured with <10% - 20% precision


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://indico.cern.ch/event/1291157/contributions/5888283/
https://indico.cern.ch/event/1291157/contributions/5876716/

CU rrent State'Of'the'art: MaSS CMS Preliminary 138 fbo' (13 TeV
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Phys. Lett. B 843 (2023) 137880,
ATLAS: combinin g H—=>4l + H—vyy : Phys. Lett. B 847 (2023) 138315 See taks by Camila Pazos,

Léo Boudet, Badder Marzocchi and

My = 125.11 + 0.11 Gev (SYSt: 0.09 Gev) Federica Primavera for details

Most precise measurement to date
JINST 19 (2024) P02009

H—yy mass resolution systematics reduced by a factor 4 !


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/
https://indico.cern.ch/event/1291157/contributions/5876935/
https://indico.cern.ch/event/1291157/contributions/5876934/
https://indico.cern.ch/event/1291157/contributions/5876720/
https://indico.cern.ch/event/1291157/contributions/5876914/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EGAM-2021-02/

Open questions remain ... which the Higgs boson can help address

Higgs boson
couplings to
t,b, c

K, T
W, Z

Higgs boson
self-coupling

CP violation in
Higgs boson
processes

What is the origin of quark and lepton masses ?
e Fermion flavor violating Higgs boson decays ?
» Are there modified Higgs couplings to other particles ?

Why is the EW interaction much stronger than gravity ?
e Are there anomalies in HVV interactions ?

e New particles at the TeV scale

 |s the Higgs boson elementary ?

Why is there more matter than antimatter ?

» Higgs boson self-coupling = strong first-order EWPT ?
o Are there multiple Higgs sectors?

» Are there CP-violating Higgs boson decays

Complementary with direct searches
presented in Livia Soffi’s talk

What is dark matter?
e Can the Higgs boson provide a portal to dark matter ?

Adapted from

[}
G. Salam et al, Nature volume

607, pages 41-47 (2022) 8


https://www.nature.com/articles/s41586-022-04899-4
https://www.nature.com/articles/s41586-022-04899-4
https://indico.cern.ch/event/1291157/contributions/5958302/

. LHC Datasets

Excellent accelerator performance over many years!

300

Run 3 dataset (13.6 TeV)

Being collected now

CMS B LHC delivered: 287.57 fb™'
1 CMS recorded: 265.26 fb™ cyj
8

- 250t

~60 fb? good for physics in
2022-2023, expect 300 fb! at
the end of 2025

200 -

150

Per experiment:
~140 fb? good for physics
~ 7M Higgs bosons produced

Total integrated luminosity (fb

~ 5000 reconstructed H—yy



https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Overview

Focus on new results released for ICHEP
Latest Run 2 results
* Higgs boson couplings to fermions

* Higgs pair production

Fresh-off-the-press results using Run 3 data

Precise SM measurements
Search for BSM at high energies

10



Image: https://azgaar.github.io

Higgs Boson
Couplings to
Fermions
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Aside: Improvements in flavor tagging _ ., CMS Simulation Preliminary (13 Tev)
. 2 F H-—cCvs QCD
m =
ATLAS: Eur. Phys. J. C 83 (2023) 681, FTAG-2023-01 O - Pr>600GeV, Inl<24
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Signal efficiency

Rapid progress in techniques: BDTs = feed-forward DNNs — Graph NNs, transformer networks...
» Single b-jet and c-jet taggin

gie ] ’ 56 . & H_< ! More details in Maxence Draguet’s talk
e Merged H—>bb|cc|tT tagging

Large gains in past years, still improving quickly! = Major driver of sensitivity increases

CMS: CERN-CMS-BTV-22-001-PAS


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2019-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://cds.cern.ch/record/2866276/files/BTV-22-001-pas.pdf
https://indico.cern.ch/event/1291157/contributions/5892373/

ATLAS Final Run 2 ttH%bb measurement More details in Filip Nechansky’s talk and

Yusong Tian’s and Zef Rozario’s posters
ttH = tree-level Higgs-top coupling
H—bb = largest Higgs BR (58%) ' s \\\t—)W(EV)

/
)y
,«,/
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\ \ Wik \

Complex signature: 4b + 2 W
1 or 2 leptons (e| )

ATLAS

EXPERIMENT

Reanalysis of JHEP 06 (2022) 97 with [ 7%

Event: 2059211291
2015-10-04 07:25:29 CEST

e Improved b-tagging (DL1r)
« Improved modeling of backgrounds (tt+b(b)...), looser selection for better control.

« Use of transformer networks to separate signal and background, reconstruct p+" 13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
https://indico.cern.ch/event/1291157/contributions/5876701/
https://indico.cern.ch/event/1291157/contributions/5888298/
https://indico.cern.ch/event/1291157/contributions/5888299/

ATLAS Final Run 2 ttH—=>bb measurement More details in Filip Nechansky'’s talk

Uy = 0.81 i?,zli( t?,'.zlz SySt.) relative to SM expectation

Overall uncertainty improved by factor 1.8, 4.60 observed

A'IlLAS | IOIITo!taI Unc. -ISyst. only| Stat. or:ly SMLTheory
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Pt e [0,60) GeV | —— 125 108 o3 o =
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Image credits: R. Balasubramanian

CMS Results with similar sensitivity: HIG-19-011 14


https://indico.cern.ch/event/1291157/contributions/5876701/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/

_CMS Search for WW H—bb Vector-boson Scattering  cvs-pas-+ic-24-001

H +\A I+ . . ? 10*r CMS —e— Observed
Analysis of H=>bb + W*W*=lvlv in VBS production S | Prelminary S —
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-3.33 < Kww < 5.33 @ 95% cL

Reconstruct H—=>bb as a H First analysis targeting kv using single-H VBS

q
single bb-tagged jet : 9 production, can be extended to other modes
15


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-001/index.html

_Aside: Higgs-charm coupling
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_ATLAS Final Run 2 VH=bb | cc
H—bb = largest Higgs BR (58%)

y
= largest BR to 2™ gen. fermions (2.9%) y

Wiz

(V=lep)H most sensitive
mode to access both.

Require b-jets or c-jets, split signal in

Reanalysis of previous VH—bb and cc results.

More in Francesco Di Bello’s talk



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
https://indico.cern.ch/event/1291157/contributions/5876813/

‘ ATLAS Final RUI"I 2 VH%bb measurement More in Francesco Di Bello’s talk

g ATLAS Preliminary VH, H- bb, V - leptons cross-sections
. +021 / +0.15 a 108 {5=13 TeV, 140 fb" ® Observed == Tot. unc. Stat. unc. New
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CMS Results with similar sensitivity PRD 109 (2024) 092011 18


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-001/
https://indico.cern.ch/event/1291157/contributions/5876813/

‘ ATLAS and CMS VH—>CC More in Andrea Cardini’s talk and

Maarten de Coen’s poster

ATLAS VH—-cc
Simultaneous fit with VH—bb

CMS VH-cc :
Includes boosted H—cc (p:' > 300 GeV)

U

Mvoce < 14 (7.6) @ 95% CL best sensitivity
Mvioce < 11.3 @ 95% CL (10.4 exp.)

138 fb' (13 TeV)
St

Higgs boson candidate mass [GeV]

PRL 131 (2023) 061801

Best limit to date =1.1< |Kk] <5.5 ~moo_c.\gsl | Emm' o7
Factor 2.5 improvement over £ oo Mot %‘;‘:m 5{1, _-
previous limit ! % eoof- B
- | First observation o of
Francesco Di Bello’s talk i of Z—cc in hadronic 200 |
i collisions. jE
= |K.| <4.2 @ 95% CL § i
. . : o
Factor 2 improvement over previous PRL 131 (2023) 041801, 0 = S )

19


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-012/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/
https://indico.cern.ch/event/1291157/contributions/5876813/
https://indico.cern.ch/event/1291157/contributions/5876814/
https://indico.cern.ch/event/1291157/contributions/5888310/

‘ ATLAS & CMS H%W + C Background modeling using

. T ) .
More in Andrea Cardini's talk Gaussian process regression
CMS Preliminary
3 > L L B BB BB BRI B
TargEt pp_)H'l'C prOdUCtlon & L H-yy,m, =12538GeV AlCategories 1 3 T
~ 2500 p_=-186 S/(S+B) weighted] O =
: H 2 . + Data 1w E
Potential to constrain k., also 5 S+B it | S
§ 200 e Continuous background— * E -
. . - F —— S fit compoment . ‘GE) -
large contributions from £ ool — BLoomponent - 2 so0- - Signal (ro-tx8) E
.% F [ 1+2a ] 250 ATEAS ---+Resonant background (pre-fit)
C 7 = ----Non-resonant background (pre-fit) J
non-K.-dependent processes. = 100} 200/ 513 ToV, 140167 _ Total background (postt) | —
Q 150 E c-tag signal region — Total signal+background (post-fit) J
g 500 - i E 2\ Uncertainty =
@ 100 ¢ Data =
g H 0 E E
e BOE e . =
ed= Continuous background subtracted b T e i i L e S PR WO
o] 2 qaF } | }
m
. 20 e Y T SRS \,\_*__ .. 9.9 _\_i__\_ AR + +_
c c 723 5) 1 ++ + + ~++‘+\\+\\+ ++ +
—40 f- 8 09¢ + =
60 T : : : : : : : : :
100 a 120 121 122 123 124 125 126 127 128 129 130
m,, (GeV) m,, [GeV]
CMS-PAS-HIG-23-010 CERN-EP-2024-175

Large backgrounds = use clean H=>Yyy decay

ATLAS: target inclusive H+c = g(H+c) = 5.2 £ 3.0 pb (sM: 2.9 pb), < 10.4 pb @ 95% CL

CMS: target k-dependent part : Pen < 243 (355) = | K| < 38.1 (72.5) @ 95% CL 20


https://indico.cern.ch/event/1291157/contributions/5876814/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-010/index.html

Di-Higgs

Image: https://azgaar.github.io
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Higgs pair prod ucﬁon at LHC From G. Salam et al, Nature volume 607, pages 41-47 (2022)

An alternative
potential

Standard Model
potential

pp—HH : 1000x smaller than pp—H

Vip)

g , H . : X H

t 7 Higgs field value

/ . :
H oot in our Universe
¢ - t t
Kt w\ K}\ I / Current
' \\ . experimental
\ (destructive g A knowledge

g

interference) 0 1

Access the triple Higgs boson coupling (— Kj)
= Probe the shape of the Higgs potential

Also accesses other interactions, e.g. VVHH (— Kay).
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https://www.nature.com/articles/s41586-022-04899-4

_HH decays

More on HH in talks by Dilia Maria Portillo Quintero and
Cristina Ana Mantilla Suarez

Others

H—-bb
(58%)

H-Tt
(6.3%)

H-vyy
(0.23%)

H->WW |ZZ
(24%)

H—bb H-ott H-yy H->WW | 27

/H
T V
/

P u<17 (ATLAS
HH-Yyyyy

Z

HH—>bbVV (25%)
W< 14 (CMS)

Best current 95% CL observed upper limits on p are shown

N
w



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18
https://cds.cern.ch/record/2853597
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18
https://indico.cern.ch/event/1291157/contributions/5876708/
https://indico.cern.ch/event/1291157/contributions/5876724/

CMS VBF HH—bbVV

Search for VBF HH—=bbVV production

Consider collimated hadronic decays: use
H—bb tagging + new H=>VV-=qqqq tagging

Observe pun < 142 (69 exp.)
and -0.04 < K,y < 2.05 @ 95% CL

ATLAS: search in VBF HH—bbbb channel, 0.55 < Kav < 1.49 @ 95% CL CERN-EP-2024-092 54
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02/
https://indico.cern.ch/event/1291157/contributions/5876724/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/index.html

_ATLAS Run 2 Di-Higgs Combination ~ cernep-2024:160 More in Dilia Portillo’s talk

and Song-Ming Wang’s talk

on HL-LHC prospects

Combine HH—bbtt + bbyy + bbbb + +
_ +1.2 ( +0.7 —e— Observed limit (95% CL)
Uy = 0.5 —1.0( ~0.6 SySt°) . Expected limit (95% CL)
VS =13 TeV, 126—140 o' (it =0 hypothesis)
° N ' ogg';\?HVBF(HH) -3281b [ Expected I?m?t +1o
Uncertainty comparable to SM signal! == Expected limit £20
Obs. Exp.
0 K bBtt + s + 0 14
-1.2 < K}‘ < 7.2 @ 95% CL Multilepton|— | * 17 11
dominated by yybb + ttbb : wos- 4
Best constraint to date on A; coupling! e * | 40 50
bbbttt |~ | * 5.9 3.3
0.6 < Koy < 1.5 @ 95% CL Combined~ ¢ | | | | | | 2.9 | 2.4I
i 0 5 10 15 20 25 30 3 40
dominated by VBF HH%bbbb —— g 95% CL upper limit on HH signal strength Liyy

CMS HH Combination results:

Best constraint from CMS: 0.67 < Koy < 1.38 @ 95% CL
Nature 607 (2022) 60 o5


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://indico.cern.ch/event/1291157/contributions/5876708/
https://indico.cern.ch/event/1291157/contributions/5876710/
https://www.nature.com/articles/s41586-022-04892-x

Differential

measurements

Image: https://azgaar.github.io
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. ATLAS Higgs CP in H—>1t See Chris Young’s talk for more info

. . _ CERN-EP-2024-198
Reanalyis of JHEP 08 (2022) 175, improving VBF and ttH

Uyge = 0.93 i%llé Most precise single measurement of VBF.

Fiducial differential cross-sections, e.g. Agj;, sensitive to Higgs CP.

E 3 ;_ATLAS —— SM (Powheg+Pythia8) & Data, total unc._;
£, o5 [ \s=13TeV, 140 fo™ " 2HW - 8 ; E::: :gz:g ; Data stat. unc.
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1E * | I = CI-fW W,u v
e R ] v a
05 ]
5 5 _ ___________ o | | . l ........ ' More on CP topics in talks by
SIS S— — + ................. — Matthew Basso and
2 05L l t , , = Dermot Anthony Moran
o -3 -2 -1 0 1 2 3


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
https://indico.cern.ch/event/1291157/contributions/5876702/
https://indico.cern.ch/event/1291157/contributions/5876721/
https://indico.cern.ch/event/1291157/contributions/5876714/

\ CMS Run 2 differential combination

Combined measurements using:

S
* Hovyy High-precision 3
e HZZ*—>4| channels
e« HHWW*
e H-T1T Sensitive to

e H-1t boosted high-pr* region

Test of the SM over a wide pr™ range

Also Niets, iji, A, ...
Interpretations in terms of k., EFT parameters

= Good agreement with SM

See Irene Dutta’s talk
for more on EFT

predictions in all distributions
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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/1291157/contributions/5876723

'CMS Run 3 H-yy and H—4l at 13.6 TeV

CMS Prehmmary 34 7 fb (13 TeV)
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. . Comparable ATLAS
Measure H—=>yy and H=>ZZ*—4l in Run 3 data (34.7 fb! collected in 2022) P

Fiducial XS: O7pq ,, = 78 & 11 (stat.) 7 (syst.) fb (SM: 67.8+3.4 fb)
Oga.a1 = 294707 (stat) 205 (syst) fb (SM: 3.09703 fb) '--mccmmmcmmmcmose:


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html
https://indico.cern.ch/event/1291157/contributions/5876716

'CMS Run 3 H=yYy and H—4l at 13.6 TeV

CMS Preliminary 34.7 o' (13.6 TeV)
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p-value (powheg) = 0.95

$# Data (stat @ sys unc.)
I Systematic uncertainty
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N

Measure H—>yy and H—>ZZ*—4l in Run 3 data (34.7 fb* collected in 2022)
Differential distributions in pr", N, ... All in good agreement with SM expectations.
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See Benedetta Camaiani’s talk for more details
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https://indico.cern.ch/event/1291157/contributions/5876715/

ATLAS Higgs width from 4-top production CERN-EP-2024-190

Top processes with on-shell and off-shell Higgs: Combination constrains I'x “
2 2 | —— 68%CL . ] 5

K K i ; R

i O-(ppéttH) ~ t f [ emeee 95% CL ] I

I'y °F 1=

f 118

> 15 -4 ¢

TBOOO000 ———¢ - ] 9
| - 2 - 1 1%
o olppautt) ~ (k) el il i

oK S /s =13TeV, 36.1-140fo" =
U Eur. Phys. J. C 83 (2023) 496: [ et xsu | (B
u(pp—)tttt) = 1.9+O.8_0.5 J 0.5 = 11 L l..1|0 e 162 — 3}).3

LT
Similar technique as used in H=ZZ (' < 7.9 x SM, with coupling assumptions, cms-pas-HIG-21-019 )

Use full Higgs combination to constrain other couplings

M < 110 x SM (expected 18 x SM) Larger observed due to observed excess in pp—> tttt

ttH — tree-level processes, no BSM in loops = complementary to HVV 3]


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
https://indico.cern.ch/event/1291157/contributions/5888282/

Conclusions

Very broad ongoing Higgs boson physics program at CMS and ATLAS
e Precision measurements: few-% level on some couplings, 0.1% on m.
 Significant reduction in uncertainties on charm coupling
e Di-Higgs is already reaching SM sensitivity with Run 2 data only!
Improvements driven by better analysis techniques and performance.

Run 2 physics harvest is ending, but interesting results coming
= In particular final Run 2 ATLAS+CMS combinations

Focus now on Run 3 : higher collision energy and
aiming for 2 x larger dataset - There is much more to come!
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Ne Input Objects
A

. ATLAS Final Run 2 ttH—=>bb measurement — o

O O O O O O Input Features
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( ] Preselection (
Boosted sTxs 1SR P STxS2 SR N STXS 3 SR ;
' YY X X —
. i Yes A A A ( )
I r's '\_“
Reconstruction S2il bY St Classification Region Name -
NN 5 Lo NN Truth p! [GeV] ~ {
C Classifier —T—
No ( A Y “ .' = v ‘r v
Y  Muiti-Headed Seif-Attention
Boosted sTxs 4 SR NP STXS 5 SR NP STXS 6 SR | (@ nodes, h heads) _
et [200, 300) [300, 450) 2450 - T |
4 h J Y
sl ( ) ]
Reconstruction CI:;;';:’ Reconstruction
i Yes Threshold? NN oy !
LS
Y Y T
( : | J
¥ Y
[ dnodes | [ dnodes ]} 3 Plonsa
I | [
v T last layer:
[ ] [ no activation
Figure 18: Schematic of the classification and reconstruction neural networks using a permutation-invariant D ®
transformer architecture. Feature embedding is performed using two fully connected feed-forward layers (nemped = 2) 4 Yy
that transform the object-wise input features into d = 256 (128) latent features for the classification (reconstruction) ( )
task. The latent feature representation is then passed through multi-headed attention blocks, each composed of S - )
Y Y Attention Blocks

a self-attention layer with i = 4 (8) attention heads for the classification (reconstruction) task. The attention
layers are followed by object-wise feed-forward blocks. Depending on the top decay channel and the task, 8§ to
11 attention blocks (nauplock) and 3 to 5 dense layers (ngense) are used. For the event classification task, the latent

features are transformed into a single output node per class, using a cross-attention layer followed by a single fully
H

D _ Linear
~ Layer

connected feed-forward layer. For the p;: reconstruction, a pairing layer with a similar structure to SPANet’s tensor P e A Reconstruction:  (I) = Dropout
attention [Phys. Rev. D 105 (2022) 112008] is used to identify the two jets originating from the Higgs boson decay. 6 Class Decay Jet _ Layer
Probability Indices ~ Norm.

Scores p,



. ATLAS Final Run 2 ttH—=>bb measurement
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. ATLAS Final Run 2 ttH—=>bb measurement

Pre-fit impact: Ac ., /oM
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. ATLAS Final Run 2 ttH—=>bb measurement

Combined | ;7 = 0.8170735 = 0.81 £ 0.11(stat.) *%2% (syst.).  4.60 (5.40)

10 | peig = 0.72 £ 0.12(stat.) i (syst.)

~0.17
21| ;g = 1.03 +0.26(stat.) +%2282(syst.).

oy = 411 1) fb =411 + 54(stat.) *5 (syst.) fb,

Compared with the previous analysis using the same dataset, the current analysis selects 64% (29%) new
events in the single-lepton (dilepton) SR that didn’t enter the selection of the previous analysis. This
is consistent with the increase of the overall acceptance by a factor of three. The statistical correlation
between the two analyses is estimated using a booststrap method to be 19%, assuming that the systematic
uncertainties are independent. This assumption is justified by the fact that the systematic model of the most
important ¢7 + > 1b background is different between the two analyses and the experimental uncertainties

are updated. Based on this, the probability that the current result is compatible with the result of Ref. [20]
is estimated as 21%.

(SM . 507+35-5o ﬂ))
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. ATLAS Final Run 2 ttH—=>bb measurement
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. ATLAS Final Run 2 ttH—=>bb measurement
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CMS Search for WW H—bb in Vector-boson Scattering

Events
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CMS Search for WW H—bb in Vector-boson Scattering

CMS Preliminary 138.0 fb-", full Run Il (13 TeV) CMS Preliminary 138.0 fb-', full Run Il (13 TeV)
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ATLAS Final Run 2 VH=bb measurement ATLAS Preliminary W, i 6562, (et To, 14001
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. ATLAS Final Run 2 VH—=bb measurement
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. CMS H-cc

Uncertainty source
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Sizes of the simulated samples
c jet identification efficiencies
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. CMS H-cc
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. CMS H-yy+c

o,y = 90fb and o,y = 660 fb.

8 ¢ g H
c H c c
a) b)
cH ggH ttH VBF VH bH Resonant bkg. | Continuous bkg. (x10%) S/B
Category 0 0.0128 | 2.03 (84%) 0.00059 (0.0245%) 0.128 (5.3%)  0.083 (3.4%) 0.181 (7.5%) 242 0.50 2551077
Category 1 0.0158 | 2.61 (80%) 0.0108 (0.33%) 0.192 (5.9%)  0.210 (6.4%) 0.242 (74%) 3.26 1.53 1.03 x107°
Category 2 | 0.0072 | 1.27 (72%) 0071 (4.0%) 0.146 (83%)  0.161 (9.2%)  0.113 (64%) 176 74 97 x10~
Category 3 0.0034 | 0.94 (73%) 0.00087 (0.067%) 0.208 (16.1%) 0.076 (5.8%) 0.072 (5.6%) 1.29 0.166 2.03 x107°
Category 4 | 0.0087 | 2.39 (68%)  0.044 (1.24%) 056 (16.0%)  0.35(99%)  0.173 (4.9%) 35 0.96 90 x10°
Category 5 0.0094 | 2.74 (54%) 0.75 (14.6%) 0.69 (14.7%) 069 (135%) 0.182 (3.6%) 5.1 9.9 9.5 x10~
Category 6 0.000289 | 0.22 (42%) 0.0099 (1.90%) 0222 (42%) 0.063 (121%) 0.0077 (1.5%) 0.52 0.0192 1.47 <10 °
Category 7 | 0.00095 | 0.79 (43%) 0253 (13.8%) 046 (25.1%) 031 (16.7%) 0.0232 (1.26%) 1.83 0.159 59 <10 °
Category 8 | 0.00165 | 1.19 (36%) .04 (31%) 0.50 (15.0%)  0.56 (16.7%)  0.036 (1.08%) 33 189 87 <10~
All categories | 0.060 | 14.2 (61%) 2.19 (9.5%) 327 (139%) 249 (10.8%)  1.03 (44%) 231 225 266 x10°°

Table 1: Number of expected events of cH,
continuous background, as well as signal-over-background ratio (S/B), in the mass window
[122.88,127.88] GeV for all categories. For ggH, ttH, VBF, and bH, their fractions in resonant
background are also given.

ggH, ttH, VBE, bH, resonant background and

Fraction of Events

1 138fb~1(13TeV)
F T~ T 7 7 T 1 T T T T ]
- CMS : ]
[ Prg/fminary : ¢ Sideband Data
B resonant bkg.
® cH
]
10_1 e E
.
o ]
.
10_2? E L =
r °
[ ] )
*e, o o°
[ ]
10—3 T B
0 0.2 0.4

06 08 i

CvsL score (DeepFlavour)
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. CMS H-yy+c

Theoretical uncertainties on cH signal 37%

Theoretical uncertainties on resonant background 41% ~30% uncertainty on cH and bH FS
Experimental uncertainties on yields 37% ~50% uncertainty on ggF+HF
Experimental uncertainties on mass shapes negligible

Luminosity uncertainties negligible
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ATLAS H+c
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ATLAS H+c

Uncertainty H + ¢ uncertainty impact

Statistical (incl. GPR)
GPR posterior
Systematic (excl. GPR)
Theory
Photons
c-tagging
Jets
Spurious signal
Pile-up

79%
47%
61%
40%
29%
29%
22%
12%
5%

c-tag signal region

Non-c-tag signal region

FIRCERS Signal Resonant background Signal Resonant background
goF H 39 82 110 1800

VBF H 17 13 34 220

WH 9.5 4.7 23 39

ZH 4.5 5.1 7.8 50

ttH in 4.6 20 24

bbH 0.11 1.9 0.35 16
yc-sensitive H + ¢ .37 0.046 0.78 0.48
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ATLAS H-Tt
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T T T | T 17T I T T T 1 | T 17T | T T 1T 1 | T T
ATLAS H-T1T STXS Measurement ATLAS Hore 1= 13 TeV, 140 b
—Tot. BSyst. xTheory p-value = 6%
Tot. (Stat. Syst.)
. +0.61 0.38 +0.49
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H—1t Fiducial Cross-section Measurement
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H—1t Fiducial Cross-section Measurement
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H—1t Fiducial Cross-section Measurement
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H—1t Fiducial Cross-section Measurement
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H—1t Fiducial Cross-section Measurement
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Higgs Pair Production
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Di-H iggs prod ucﬁo n a nd A3 From G. Salam et al, Nature volume 607, pages 41-47 (2022)

1 1 An altgrnative
V(H) = —miI H2 + A‘B Vv H3 + _A4 H4 potential
2 4 Standard Model
potential
In the SM, specified by m2
A=A, = —1 V (¢)
v ~ 246 GeV (from Gf) 3 4 > > ¢
\%
and my~ 125 GeV Higgs field value
in our Universe
. . . . / Current
General case: only local information near the minimum E:gerli;r;egr:ai
W
= Probe V(H) by measuring Az in pp—HH 0 )
g H
I 4
t s 1000x smaller than pp—H !
"\ Hod
Kt K3 N
\
t \“ . 3
g\ H Also probes other interactions,
T (destructive e.g. VVHH (= Kav).
+ interference) 65



https://www.nature.com/articles/s41586-022-04899-4

. HH decays

Others

H-bb
(58%)

H-Ttt
(6.3%)

H-yy
(0.23%)

Others

H—bb

Yv Others

T

- mm
_
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18
https://cds.cern.ch/record/2853597
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18

VBF HH—=bbbb and K,y CERN-EP-2024-092

Require 2 double-b-tagged large-R jets + VBF jets

BSM kv = Enhancement at high p".

Combined with resolved HH—bbbb,

0.55 <K <1.49 @ 95% CL
Compatible with SM (kx=1), 3.80 from Koy = 0

~ 251 T T T -
< - ATLAS — 68%CL —— Combination
- Vs=13TeV, 140 b — - 95%CL —— Boosted -
20 I VBF HH bbbb Y% SM prediction —— Resolved |
- Observed dh  Best fit combination ]
15— =
10 —:
5 =
~d
e =
s~ T T ey
i o 8w 5 o 58 g% ¢y 7 g Now o p ¢ g g g g gy psaXe op gy N &y ]

0.00 2.00



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02/
https://indico.cern.ch/event/1291157/contributions/5876708/

CMS VBF HH—bbVV
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CMS Preliminary 138 fb~! (13 TeV) CMS Preliminary 138 fo~' (13 TeV)
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. ATLAS HH combination

Combine HH—=Ttbb + yybb + bbbb + multileptons +

CERN-EP-2024-160,
Nature 607 (2022) 60

on HL-LHC prospects

-1.6 <K< 7.2 @ 95% CL (dominated by yybb + ttbb) = Best constraint on kj to date

0.6 < Kav < 1.5 @95% CL (dominated by VBF HH—bbbb) => Best constraint on k. to date

-2InA

8

~

B ] I I I I I I I I I
- ATLAS
Vs =13 TeV, 126—140 fb~!

- HH combination
— All other K fixed to SM

IIIIIII,‘IIII[IIIIIII
’

I 1] I I I 1 I I I -I
—— Combined —— bbyy

—— Multilepton —— bbbb
—— bblt + Efniss —— bbttT"

—— Obs.: 95% CL[-1.2,7.2]
-—= Exp. (SM): 95% CL[-1.6,7.2] ]

IIIIIII

|I‘1Il

-2InA

8_ I I I I I | 1 | 1 I I I I I | | | I I 1 I 'I I I I I I I _I | | |
" ATLAS Comoined ot 3
7 _ . _y — Multilepton 0 ]
: Vs=13 T.eV,.126 140 fb bbaL + EMSS y-a——
- HH combination i
6 All other k fixed to SM —— Obs:.: 95% CL [0.6,1.5] ]
C ——- Exp. (SM): 95% CL[0.4,1.6]
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= \ 7
= \‘ ll :
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More in Dilia Portillo’s talk

and Song-Ming Wang’s talk


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://www.nature.com/articles/s41586-022-04892-x
https://indico.cern.ch/event/1291157/contributions/5876708/
https://indico.cern.ch/event/1291157/contributions/5876710/

Higgs Boson Mass and Width
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Higgs mass measurements

‘3288: A}Tzsvmm | + Ekgd ~~ H-oyy: small BR (~0.2%), clean
ok M —swswens - signature, relies on Ey calibration
z‘ggg: woespemaessn = AT AS: factor 4 reduction in
’ 232: """ systematics for final Run 2 value.
202: T T T 1:30 See Leo Boudet'’s talk for details
m,, [GeV]

ATLAS : JINST 19 (2024) P02009, Phys. Lett. B 843 (2023) 137880, Phys. Lett. B 847 (2023) 138315

CMS: CMS-PAS-HIG-21-019 , Phys. Lett. B 805 (2020) 135425

H—4l : tiny BR (~0.01%) but excellent S/B driven by p(u) calibration

— CMS: 50 MeV systematic uncertainty (<0.05%),

CMS Preliminary 138 fb' (13 TeV
250
L ¢ Data
+ H(125)
M 9922, Zy*
2001~ qq-22*, Zy*
> W Z+X
S
150
Ql
S t
[7)]
& 100 ¥ ¥
>
L) t
s § t .
; 4
r + 2 R AL 4 4.9
g +*5i“-;¢L1 ¥ —W‘WTQ‘
% 80 90 100 110 120 130 140 150 160 170

m, (GeV)

See taks by Camila Pazos, Badder Marzocchi and Federica Primavera for details

my = 125.08 £ 0.10 (stat) £ 0.05 (syst) Gev,
Best single-channel measurement

ATLAS H—4l + H=>yy (Run 1+ Run 2):
my=125.11£0.11 GeV

Most precise measurement to date

ATLAS

Run1: /5 =7-8 TeV, 25 fb~!, Run 2: /5 = 13 TeV, 140 fb~!

Run1 H — v
Run1H — 40
Run2 # — 7y
Run2 H — 4¢
Run 142 H — vy
Run 142 H — 4(
Run 1 Combined

Run 2 Combined }-OI-| 125.10 £ 0.11 (+ 0.09) GeV

Run 1+2 Combined I-T—I 125.11 £ 0.11 (£ 0.09) GeV

e e e e Ly oy L
123 124 125 126 127 128

e Total

‘

T T T T T T T T

Stat. only

e

|
’_)'—vﬂ
e
|

T
| Combination

Total (Stat. only)
126.02 + 0.51 (+ 0.43) GeV

12451 + 0.52 ( 0.52) GeV
125.17 £ 0.14 (+ 0.11) GeV
124.99 + 0.19 (+ 0.18) GeV
125.22 + 0.14 (+ 0.11) GeV
124.94 + 0.18 (+ 0.17) GeV
125.38 + 0.41 (+ 0.37) GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EGAM-2021-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/
https://indico.cern.ch/event/1291157/contributions/5876934/
https://indico.cern.ch/event/1291157/contributions/5876935/
https://indico.cern.ch/event/1291157/contributions/5876720/
https://indico.cern.ch/event/1291157/contributions/5876914/

. . CMS Simuiation 13 TeV
Higgs Width Measurements More details in talks by 10" S .
' gg—212v (I=e, 1)

Rafael Coelho Lopes De Sa 10°
—— SM H signal (HP)

and Badder Marzocchi

. .. . 10°
Direct measurement not sensitive to SM: S 10 SM contin. (ICB)
Mass resolution ~ 1 GeV © Iy~ 4 MeV in SM ﬁ 1 | — SM total (H+CP)
. . e . L2 Lt [ Ty 2. |~R
= Indirect measurement using off-shell : SM-level sensitivity, = 10 F HF+(CI
. : . 8102k |
with assumptions on off-shell couplings. % 1073 | h
_8 1074 0=
CMS Preiiminary 138 b7 (13 TeV) 10°F 4 AI_'—1
250_— 10—6 !
L ¢ Data
- H(125) 10—7
200; f M 99-27*, zy* ] ] ] I Lo ]
a 22", 21 100 [ 200 300 500 1000 | 2000
> r B z+X
S I My, (GeV)
o~ 150_— +
g | +4 o, .yl
& 100 pp>H ~ 41
>t on-shell ~— 1.
w r + H
50 ot + T
B L o I
F A ++%a+—i—++—w-é+ off-shell ~ —2>H—2
% 80 90 100 110 120 130 140 150 160 170 <m41_mH>

m, (GeV)
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https://indico.cern.ch/event/1291157/contributions/5888282/
https://indico.cern.ch/event/1291157/contributions/5876720/

Higgs Width

More details in talks by

Rafael Coelho Lopes De Sa

and Badder Marzocchi

Direct measurement not sensitive to SM:
Mass resolution ~1GeV © Iy~ 4 MeV in SM
= Indirect measurement using off-shell : SM-level sensitivity,

with assumptions on off-shell couplings.

CMS: CMS-PAS-HIG-21-019
— +2.3
(expected 4.1°71 MeV)

ATLAS: PLB 846 (2023) 138223

', =45 MeV

-2AIn L

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

20{— '
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15
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SRS L S s Ry
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S 102
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
https://indico.cern.ch/event/1291157/contributions/5888282/
https://indico.cern.ch/event/1291157/contributions/5876720/

Higgs width measurement from 4-tops

[y < 450 (75) MeV = T3 < 110 x SM (18 x SM)
(4 < 44 MeV expected for no systematics) Iy =86, MeV
20 tension with SM (1.80 tension in pp—>tttt)

[y < 160 MeV (55 MeV) for resolved loops

6 T T E T T LI |
%ATLAS — Observed

(s=13TeV,36.1-140f0" ... Expected

6 T T I; T T . N | I T T T T T I O | |
ATLAS — Observed
(5= 13TeV,36.1- 1401 ... Expected
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IIIII|IIII
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Higgs width measurement from 4-tops

Target processes

Systematic uncertainty

Expected [%]

Impact on 95% CL upper limit on I'y
Observed [%]

Off-shell measurement
pp — titt

Theory 37 33
tttt production 25 13
Higgs boson production/decay 5 6
Other processes 10 16

Experimental 2 2
Jet flavour tagging 2 1
Jet and missing transverse energy <1 <1
Leptons and photons <1 <1
All other systematic uncertainties <1 <1

On-shell measurement
Production
geF, VBF, WH, ZH, ttH, tH
ttH +tH
WH, ZH
VBF
ggF, VBF, WH + ZH, ttH + tH
ggF, VBF
WH,ZH
ggF, VBF, WH + ZH, ttH + tH
geF+ ttH + tH, VBF+ WH + ZH
Inclusive

Decay
H—vyy
H — bb
H — bb
H — bb
H— 77
H—- WW
H—- WW
H—1t
H — uu
H— Zy
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Higgs width measurement from 4-tops
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CMS Run 2 Cross-sections

CMS Prellmlnary

138 fb~1 (13 TeV)

o 10.0p
N

7.5

5.0

T

Exp. Comblnatlon best flt

Exp. Combination 68%
Exp. Combination 95%
Combination best fit
Combination 68%
Combination 95%

2.5

0.0

T

EEET)

.10‘

.15l

20
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Run 3 Results

78



Run 3: Higgs production at 13.6 TeV

Eur. Phys. J. C 84 (2024) 78

Higgs production at 13.6 TeV measured in H= z 10pF—/—m—mm—mmm
g8s p YY &I 90F ATLAS — SMo (pp—H, m,, = 125.09 GeV) E
and H—4l using 2022 data L F YHoyy hH-ZZ—al QCD scale uncertainty :
o 80:— ¢ Combined H—yy + H—>41 Total uncertainty (scale ® PDF+c.,) 3
70F
60F
50F
40F
30F |
g (s=7TeV, 451t ]
20— /s =8TeV, 2030 3
10E Vs =13 TeV, 139 fb' E
i Vs = 13.6 TeV, 29.0-31.4 f&' ]
=7 "% 9 0 AT 12 13 4

Vs[TeV]
Combined H—yy + H—4l total XS

o(pp—>H) = 58.2 £ 8.7 pb (SM: 59.9 + 2.6 ph)

Oga., = 76 £ 11 (stat.} *; (syst.) fb (SM: 67.6+3.7 fb)

Ofa.a1 = 2.80 £ 0.70 (stat.) £ 0.21 (syst.) tb (SM: 3.67+0.19 fb) o


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/

CMS Run 3 H—4lI Cross-sections

Data / Prediction

o

N

—

CMS Preliminary

34.7 b ' (13.6 TeV)

— ggH (POWHEG + JHUGen + Pythia) + xH
— ggH (POWHEG + NNLOPS + JHUGen + Pythia) + xH

xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia)

¢ Data (stat @ sys unc.)
I Systematic uncertainty

| I E T i
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Systematic uncertainty
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CMS Run 3 H—4lI Cross-sections

CMS Preliminary 34.7 b~ (13.6 TeV)
— [ 1 1 T | 1 1 T | T T ‘ T 1 1 | T 1 1 ‘ 1 T 1 | 1 T 1 | 1 T ]
% i p-value (powheg) = 0.2 ]
g 10! — ggH (POWHEG + JHUGen + Pythia) + xH
=) 3 — ggH (POWHEG + NNLOPS + JHUGen + Pythia) + xH J
T E xH =ttH + VH + VBF (POWHEG + JHUGen + Pythia) E
% - $ Data (stat ® sys unc.) .
B 100 I Systematic unceriainty _
(=) - e
< B 2 E ]
10~ ¥ ¥ IEE ’ =
1072 = e 555564 =
i 1 i
| L Ll | I Ll : Ll - } | | L | Ll | | ‘ L Ll L | | Ll | | | Ll L

.5 : 1 1 T | 1 1 T | T T I 1 1 | T 1 1 ‘ 1 T 1 | 1 T 1 | 1 T 1 :
B 2f -
T * .
I ]
Q- 1 —a—i AR R S se555——
S ]
8 0 [ | L Ll | | | Ll | Ll Ll ‘ Ll | L | Ll | | ‘ L Ll L | | Ll | | | Ll L ]

0 25 50 75 100 125 150 175 200
Pt (GeV)

Requirements for the H — 4/ fiducial phase space

Lepton kinematics and isolation

leading lepton pt pr > 20 GeV
next-to-leading lepton pr pr > 10 GeV
additional electrons (muons) pr pr > 7(5) GeV
pseudorapidity of electrons (muons) 7] <2.5(2.4)

pr sum of all stable particles within AR < 0.3 from lepton less than 0.35 - pr

Event topology

existence of at least two SFOS lepton pairs, where leptons satisfy criteria above
inv. mass of the Z; candidate

inv. mass of the Z, candidate

distance between selected four leptons
inv. mass of any opposite sign lepton pair
inv. mass of the selected four leptons

the selected four leptons must originate from the H — 4¢ decay

m((+0~) > 4GeV

40GeV < m(Z;)< 120 GeV
12GeV < m(Z,)< 120 GeV
AR(¢;¢;) > 0.02 forany i # j

105GeV < myy < 140 GeV
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