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The main stage will be the center of the ATLAS and CMS

The main actor detectors at the Large Hadron Collider (LHC) at CERN

We will touch on the following topics

= Brief summary: What do we know today about this particle? State of the art
s Latest results: precise measurements, search for new physics at high energies
= \What could the future bring? ’



How well do we know the Standard Model?

s The SM is a huge success from the experimental point of view that predicts and the
Higgs is one of the main actors in that context

s 15 out of the 19 free parameters of the SM are connected to the Higgs boson
= And once the mass is known, several predicted properties of this particle can be tested
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Identifying the Higgs boson at the LHC: production

Different analyses performed by LHC experiments, depending on the
Higgs production mode:

Gluon fusion (ggF)
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s Main production
mode at the LHC
s Large backgrounds

Vector Boson
Fusion (VBF)
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tt associated
production (ttH)

W/Z associated
production (VH)
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= The two jets with high

s Mostly triggered by s Semileptonic and

rapidity separation leptonic decay of W/Z  hadronic top decays
improve triggering and boson = Accessibility to the
bkg rejection = Accessibility to gauge top Yukawa coupling

= Accessibility to gauge coupling

coupling



Identifying the Higgs boson at the LHC: decays

Which production mode or/and decay is the best?

H— bb
* Dominant decay (~58% BR)
» Huge backgrounds from QCD jets

H— Z(*)Z
 Penalty from Z—I+I-
* BR very clean, fully H — bb
reconstructed

H&
H— vy : gg—
« Very small BR H - vyy
* Huge bkgs. from QCD
photons and jets H - 1T
* Fully reconstructed,
clean mass measurement

H— 1+1-

H— W+W-  Subdominant (~6%
* Subdominant (~22%) « Incomplete rec(:onstr)uction

* Incomplete reconstruction

There is an interplay between production and decay
based on the backgrounds



dentifying the Higgs boson at the LH

Interplay between production and decay
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What we managed with Run-2 data?

Discovery
| | ] | | | 11l
1 1 1 1 1 1 H—>>
Run-1 Run-2
(2010-2012) LS1 (2015-2018) LS2
7-8 TeV 13 TeV ATLAS-CMS CMS Nature 607 (2022) 60-68 138" (13 Tev)
30/fb 140/fp ~ Upgrade phase-1
® Observed | |+1 D (stat)
== +1 SD (stat @ syst) Dﬂ SD (syst)
— 12 SDs (stat ® syst)
B : Stat Syst
= Kw —o— 1.02008 005 £0.05
s ZZ, WW and yy were the first ones to be B g
observed! Now we are doing precision 2 b 1.%0m o ade
measurements Wlth them! Ky -@— 1.1040.08 +0.06 +0.05
] - Kg -@— 0.92+0.08 +0.05 +0.06
s Major breakthroughs in recent years: o e
. . 1,010 1007 +0.08
= Observation of H—1T using 2016 data L ey
s Observation of H—bb decay in 2018 e il -1 0.99%77 wre B
s Qbservation of ttH production combining K LI o —
different decay modes al 11298 00
s Evidence for decay of H—uu and Zy decay a |
: 1 —— e 1052
s Ongoing searches (e.g. cc, di-Higgs) NI RN b
o - - 0O o5 1 15 2 25 3 35 4
s Precision measurements of Higgs properties Parameter value

. . . . Most precise measurements of (most) Higgs couplings
s Spoiler alert: so far high consistency with SM!  to-date from combinations of Run-2 data: from 8% (to

weak bosons) to 10-20% (for third generation fermions)
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Do we really know everything about the Standard Model?

s There are still many open questions in this puzzle, that the Higgs boson can help

addressing (?)

Keep measuring Higgs
couplings

Including Higgs self-coupling

As well as its properties: mass,
CP, total decay width

Looking for decays not
predicted in the SM (direct
searches)

With the best precision
possible, probing the SM in
extreme corners

s \What is behind the large range of particle
masses in the SM?
s Fermion flavor violating Higgs boson decays?
s Are there modified Higgs couplings to other
particles?
= Why is the electroweak interaction so much
stronger than gravity?
s |s the Higgs boson an elemental particle?
s Are there anomalies in the interaction between
Higgs and W/Z bosons?
s Matter-antimatter differences?
s Are there CP violating Higgs boson decays?
s Are there multiple Higgs sectors?
s Due to anomalies in the Higgs self-coupling?
s What is dark matter?
s Can the Higgs boson provide a portal to dark
matter?
s New decay modes of the Higgs boson?
s Higgs lifetime consistent with the SM?

From N. Berger @/ICHEP2024
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Our tools

The ATLAS and CMS experiments and the LHC

s Large increase in integrated luminosity
vs time: >30x the amount of data available

at the moment of the discovery but
conditions are more challenging

s Improvements in performance and
analysis methodologies

s And a good understanding of the
detector and data quality
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Our tools

The ATLAS and CMS experiments and the LHC

s Latin American participation in these collaborations
s Key contributions in data analysis, instrumentation and detector performance

Reference ATLAS-PHOTO-2019-001

Collaboration

apan
Mongolia USA 183 institutions (251 institutes) from 41 countries

zzzzzzzzzz

247 Institutions from 57 countries, 6288 251 institutes from 41 countries, 6003
active people (2022) members (2024)
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Before presenting the latest results: clarifications

s | will present latest results using full Run-2 dataset and some with Run-3
s Major improvements in performance and analysis methodologies (a lot of ML)
s Every measurement consists of one or more signal regions, designed to selected target
Higgs production/decay
s Analyses use profile likelihood fits to constrain systematics and bkg using the data

k framework: k parameters act as linear modifiers to H coupling

strengths without altering any kinematic distributions i i
SM Analyses trying to provide more
J

o-B(i—H— f)=« Kkj-o)" T granular information on the Higgs:
. H s = fCA
5 o 5 s i
ki = —sy and kf = —gy s Inclusi ts:
o; rs clusive measurements.
STXS regions defined per production mode, optimized for )
sensitivity while reducing theory dependence = Cross sections (o)
= el + 5g — Z(q)H + bbH qqH | = VBF +qq - V(qH e Slgnal strengths (|J=O-'BR/O-'BRSM)
P [0,200] ] [ I ] . .
A ] [Com][cim]  [zem] s Coupling strength scale factor relative to
[ - e S
l([) ] l 1] | l |300 it [”";":],],_ SM (K frameWOI"k, K= 1 fOI" SM)
mj; [0,350] | |m; [350, 0c] Y
50 ] my 450 L ]‘. [,;‘} [0, 200] ] m“[,,,‘l' 200, 0] |
- I ] U I I | |550 ‘_:|G5U qqH rest I:::lbu 155:; l_:l . -
e | . e s Differential measurements
Ij:zzl__i_l 0 [2 ) T J.)()U ' xx
s Or semi-differential: Simplified Template
Cross Section (STXS) framework
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Latest results on:

Higgs boson couplings to other particles
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Let's about its production

» Most dominant production modes observed
(updated in 2022, 10" Higgs discovery anniversary)

_ v Y- au cMS Nature 607 60-68 (2022) 138 fb™' (13 TeV)
s Results agree with SM prediction (no significant deviation)
® Observed +1 s.d. (stat)
s Upper limit on tH production 7xSM (15xSM expected) =—tlsd (statosys) [ +1sd (sys

— 12 s.d. (stat @ syst)

s |et's also take a look at more recents results

Stat Syst
ooy # 097 oo 0%
Nature 607 52 (2022) !
2 — 1
o 10°E E :
o = - i +
S p— ATLAS Run 2 - e | osown 9B 19
O - § i
8 10k = B i
& = 3 7 .;_.E._ 1444026 .05y +0.16
N : iz 7 : | T 7-0.25 - -0.15
o B ] i :
O —
1 : —_—
—&— Ham ——— 1291022 .o 1009

¢ Data (Total uncertainty)
I:] Syst. uncertainty

®
L1 lIIIII|

Pty 0.94t020 4945 +0.13

= SM prediction

|
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E -0.19 -0.12
= 3 R S E— ] i
= .5_ T 10
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x

ATLAS final ttH (H—bb) measurement

= Direct access the top-quark Yukawa
coupling! A 3" generation quark

= Analysis strategy:

s Very rich/complex topology: 1 or 2
leptons, (b-)jets, MET

s Improvements with respect to previous
analysis (JHEP 06 (2022) 97): improved

arXiv:2407.10904

| | | [ | [ [
b_tagging, transformer-based ML to é—TLAS lei Total Unc. -Sysn?'inyt | Stat.;nly SSM+Theory

. . s = 13TeV, 140fb~!, my=125.09GeV Tota tat. t.

reconstruct and classify events, modelling e, o e
of backgrounds (ttb(b)..) pH e[0,60) GeV |- Fee= 125 ‘0% S® 0
= Overall uncertainty improved by Pele0 120 Gev | Fese= O o Cow o -
factor 1.8, 4.60 observed, x3 signal pte(120,200) GeV |- Fese— 0.88 03 o Sos
yield on the same dataset Pt €[200, 300) GeV |- —e—i o7 48 R HE -
: : h | |p¥e[300,450) GeV |- = 027 g5 Tod Tom
* Most precise single ttH channel to date! , .~ 1 ogs c0m  comeos |
s« CMS Results with similar sensitivity: R N ooy
HIG_1 9_01 1 Inclusive - == 081 .38 T011 - 048 ]

| | | | | | |
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https://arxiv.org/abs/2407.10904

Very rare production processes: H(—vyy)+c

» Proving the c-coupling via the production

= Analysis strategy:
Exploits the clean decay of H —yy
= Challenges: c-tagging, dominant contributions not
sensitive to x_(~99%) in particular ggH backgrounds

Non-resonant bkg pp — yy + n is data-driven estimated

N
c h
,,,,,,,, e CERNAEP-2024175 CMS _ proiminary CMS-PAS-HIG-23-010
%4503_ = > T B LA L B BB BN
(O] - + B 8 - H— /( m, =125. 38 GeV All Categories
To] 400 - _: ~ 2500 = o, = -186 S/(S+B) weighted]
2 SR I ] 2 L * gatsaft .
- +B fi ]
,g 350: :>J'> 2000f% . Continuous background—
S 300F - = —— S fit compoment -
O E ---- Signal (pre-fitx5) 3 B o B-component =
250 ----Resonant background (pre-fit) ~ — 'g-, [ f;o ]
- ATLAS ----Non-resonant background (pre-fit) o L1=20 ]
200:— \s=13TeV, 140fb™"  — Total background (post-fit) = E 1000 — =
150 [ c-tag signal region — Total signal+background (post-fit) Q .
- Uncertainty = g)l 500 [ ]
100 ¢ Data — «»
o -
O:) aa ;J—t—_.—-.-r-J:;il;:‘:‘lv:n:;'li'.'1'f'|'.|...]-‘.-"T'.'I"'1'-r-"-';:;:.:'.'-?l::i'm-l b u:
2 q4f ' +
o e
A T S Sy el ++++-
%) : + + + +
3 oot ¢ | |
© I BT
a 170 180
120 121 122 123 124 125 126 127 128 129 130 m, (GeV)
m,, [GeV]
: : s CMS target k -dependent part
s ATLAS target inclusive H+c gel K Uep P

s o(H+c)=52+3.0 pb (SM: 2.9 pb), <104 & <243 (355) = | | < 38.1 (72.5) @ 95% CL

pb @ 95% CL y



Very rare production processes: bbH(—T11/WW)

» bbH cross-section ~ ttH cross-section
= Sensitive to Higgs-b-quark and Higgs-
top coupling
s Quark loop dominates cross-section
+destructive interference

= Analysis strategy:

s Decays to pairs of tau leptons and pairs of
leptonically decaying W bosons are
considered

= BDT classifiers used in each of the
studied channels

= Main challenges: large backgrounds
from Z+jets, tt, jet —thad mis-ID

s u<3.7 at 95% CL (exp. 6.1)

ThTh
Expected: 8.5
Observed: 7.8

ut
Expected: 12
Observed: 8.6

et
Expected: 18
Observed: 10

eu
Expected: 19
Observed: 19

Combined
Expected: 6.1
Observed: 3.7

. b Q0QQQQ b

90000Q 9

g b P S

Q0000 H g B
290904 B

CMS CMS-HIG-23-003

138 b (13
LA

TeV)

—e— Observed ~ ----- Median expected
—— Theory prediction ----- 68% expected
----- 95% expected

95% CL upper limit on c(pp — be(yb,yt)) /o

1 L : 1 I 1 1 1 il I 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 | 1 1 1
0 10 20 30 40 50
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Let's talk about its decays

s > 88% of potential SM decays observed and
measured with < 10-20% precision (updated in
2022, 10" Higgs discovery anniversary)

N b i f ¥ CMS Nature 607 60-68 (2022) 138 fb~! (13 TeV)
. O observaton orf A—Juu, CC,
HH 99 ® Observed || +1s.d. (stat)
mmm 11 s.d. (stat @ syst) |:| +1 s.d. (syst)
s Some recent results: e
— 12 s.d. (stat @ syst)
s VH, H— bb/cc, ATLAS Run-2 legacy [ATLAS-CONF-
2024-010] ~ : Stat  Syst
s H—t7, ATLAS Run 2 legacy [HIGG-2022-07]. Total .« L 113000 006 0%
cross-section values computed and agreeing with SM | :
= 3 Nature 607 52 (2022) §= - 09757 507 00e
S E = - Z
5 EY ATLAS Run 2 - :
..; 1— === - AL -@_ 0.97+0.09 005 +0.08
107 & = :
= = —— 3 — :
s f - : s
%’10_2 i 7 uv - 0.85:0.10 006 0.08
- 7§ Data (Total uncertainty) —=— % § " E 10502 4045 4016
-3 u U9_p21 T -0.15
10 = DSyst. uncertainty = :
- B SM prediction % B B
?E '
L WA B 1 1 S
% 0 8_— % —1 ue E 2597506 ‘005 ‘025
m ." | | | | I_L‘ |||1|||1|i1|11|11|1|||1

bb ww T V74 Y Zy

B
=

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Decay mode Parameter value 17


https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x

Run-2 VH (H— bbj|cc) measurement (1/2)

« H — bb largest Higgs decay BR (58%) and H—cc probes
coupling to 2" generation quark

o;‘Q‘
= Analysis strategy for VH, H—bb: S
« Boosted (pTV > 250 GeV) and resolved topologies >

s Split signal according to number of leptons
= Challenges: poor kinematic resolution, high backgrounds rates
(V+jets and top) and requires excellent performance for the b-jets ID

= Observation of H—bb in 2018, now in full differential
measurements mode. Results compatible with SM!

arXiv:2410.19611 .
— = - _ CMS Phys. Rev. D 109, 092011 138 fp™' (13 TeV
é = ATLAS VH, V- leptons, H— bb cross-sections 3 £ E - - ]Th g $ ob ! 3 - ! . 3
— _ > = EX . Unc. serve - Total unc. tat unc. J
Eﬂ 10° = (5=13 TeV, 140 fo! g ?:SeNT:M) D::t. une. = Stat.unc. | g [-Bve ]
= f— eory €0. unc. 3
. V=W Vez 3 ;102 3 ZH - ll/vv bb WH—)I\/bB—E
X 10 E=F— - = X - — 3
= — _* 3 m C
> E- - 3 i = X N o ]
Q10 x I E s10 b —pe- { ~
x  F o = + F [ M [
o 1 —— s F 1 = t ]
= | First observation of bb (5.30) - = & L t e
107 Probe p./ spectrum uplto 600 GeV —s x ' E 0oL T 3
Eg Pr P i © c Resultg with similar sensitivity ]
= — = [ L1 L o]
2 2 - - T ﬁ — T ] E - T T T T T T T T T T T T T -
0 1I—F 3 o - = n 4 ——t— T
g2 of - I---=f-T .-t i g 0F T N E
o _1 r — ] .9.. _2 751 I 751 7 I > i L I 7 1 > L 'l Il
= © < 0 S0 50 P S0 50 P (w
© > 7 2 % ok, > 7 2 > 02 o R . p *p 2>} >q0, P D 74
o S%h{’ 50% % Sov,o 0, OOV'O 0, 9 36‘0 6}[06, 50?,0?,, 50?,0?,1 00?0?,, e 36‘0 ri<) < 150 rG(z) <2507(2} <2sor(z) N 40000 Ge'/r(W) - 25(;‘1’) <400 OOGEV
Y S O S OO *Nig, 7 2, T N, TG, 00 "y Ge Gey, >, ,Cey Gey, ~ Gey
%0 G 950 100 600 () 0 G %) % (9%) L Oy 2y
v Gy Gy Gy v Gy G G 18


https://arxiv.org/abs/2410.19611

Run-2 VH (H— bbj|cc) measurement (2/2)

- Ll - l.‘ ~
= Let's focus on the H—cc results: proving the coupling .
H * :-(A
via the decay % e IR
» Improvements wrt previous analysis: improved b-/c- LV e
tagging, ML for signal vs background separation g N
arXiv:2410.19611 Ph'y's'. Rev. Lett. 131, 061801 138 fb™! (13 TeV)
LA L L L L I L B | L L EJEIEIETN ey ‘l""l"’l""IV""I"'
ATLAS —— Observed cCMS —e— Observed = ----- If\:;c}han exptezted
\s=13 TeV, 140 fb === Eipetied — i
e [ Expected * 1o 96% expected
VH, H — bb/ctT [ Expected + 26 Combined T N
_ Expocted 7,60
0 lepton ! Observed 14.4
Ot 14 SM | e
5 oziivimss il ]
1 lept H .
Expe 17 SM : | Eeckeia
Obs.= 21x SM Observed 13.9
2 lepton . é ‘ l(—))lx-pecled 126
Exp.= 18x SM : Observed 18.3
Obs.= 22x SM u _
"""""""""": """"""""""""""""""""""" (1E)|(_pecled115
Combination : Observed 19.1 | | _
Exp.= 11x SM H
Obs.=12x SM 4 | E)(Lpecletﬂdli
s sl L e b Observed 20.4 PN PR R P B
0 5 10 15 20 25 30 35 0o 5 20 25 30 35 40
95% CL limiton p  _ 95% CL limit on pVH(H s )
VH(c?)
s ATLAS does a simultaneous fit with VH—Dbb s Includes boosted H—cc (pTH > 300 GeV)

J Zpsfnglgiligztrr;%% is validated with the measurement « U<14(8)xSM obs.(exp.) @95% CL and 1.1</x |

s U<11.3xSM obs.(exp.) and |k | <4.2 @95% CL <3.5

s Best limit to date. Improvements 2-3x wrt previous limits = | "ot oPservation of Z—cc in hadronic coII|S|olngs


https://arxiv.org/abs/2410.19611

Latest results on:

Other Higgs boson properties
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= | eading precision channels for mass
measurements:
s H—>ZZ—4l (e/p): Low statistics but clean final
state, high signal/bkg. Still dominated by
statistical uncertainties

« H—yy: High statistics and good m. resolution.

Smoothly falling background in m . Large

effort put to reduce uncertainties on photon
energy calibration.

« ATLAS uses a combination of both

channels
« m =125.08 +0.10 (stat.) + 0.05 (syst.) GeV

= Most precise measurement to date

» CMS results comes from H—-ZZ—4l
=« M, =125.04 £ 0.11 (stat.) £ 0.12 (syst.) GeV

s Most precise single measurement (< 1%)

250

200

Events /2 GeV

Phys. Lett. B 847 (2023) 138315
Phys. Lett. B 843 (2023) 137880

- T T T & T R B
- ATLAS —+4— Data
E Vs=13TeV, 140" === Background
E H- vy == Signal + Background
All categories ~ — vz

90 T 90

In(1+ S2/B2%) wei tb

3
.
2

L L L L PRI S R A W T S .
110 120 130 140 150 160
m,, [GeV]

CcMS CMS-HIG-21-019 138 fp’ (13 TeV)

150

50f

_IIIIIYIIIIl[lllllll[IIIIITIIIIITIIIIIIT]IIII]IIII_

Inclusive s
¢ Data
I + H(125)
n qq — ZZ, Zy*
B 99 > ZZ, Zy* |
BmZ+X .

P
N +*++++¢+++++ KRR

L

0
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https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub

Its total decay width

- SM predicts Higgs width: ~ 4.1 MeV for m ~125 GeV

= Can be altered through BSM Higgs-boson decays
s Can not be measured directly at LHC due to limited detector resolution

CMS-PAS-HIG-21-019

CMS Preliminary 138 fb' (13 TeV)
207 1T T Ty
- — Observed
15| ]
[ - Expected
4 |
c |
<1 10
C\I] L

CERN-EP-2024-190

< 6_ T T c UL L T T T T T .
& f | ATLAS — Observed 1
5:_ E =13 TeV, 36.1 - 140 fb1 —_— Expected —‘
4= J 95%CL -]

-~ Effective
1 Ioojps

O:J J : Ledad Ldll"'--"-‘: 1 L1
10 107
I, [MeV]

= Higgs width from H—-ZZ—4l relies on on- = First attempt to constraint it using 4-top

and off-shell couplings being the same,
and no BSM contributions to ggH loop
s ATLAS: T = 4.5*3'3_2.5 MeV (PLB 846 (2023) 138223)

s CMS: T = 2.9+2"°’_1_7 MeV (CMsS-PAS-HIG-21-019)

production cross-section and Higgs on-
shell measurements. Assumes on- and off-
shell couplings to top are the same

s CMS: I' <110%SM (expected 18xSM)
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Higgs CP and CP violation

s Could a violating Higgs-boson production 5 oCMSPoimnay SIS PASTIEZIDT st goren

or decay explain (partially) the matter- o= 62

antimatter asymmetry?
= The SM Higgs boson is a CP-even scalar (0+)

* Combination best fit
— Combination 68%
--- Combination 95%

=« ATLAS and CMS excluded pure spin-parity
states O_ , 1+ , 1_ , 2+ and 2— @> 99% CL 0.00F
based on the observed Higgs boson decays (yy,

2z, WW)

s But, could the Higgs boson be a mixture of CP-
even and CP-odd states?

0205 0.0 %1 02 03
= CP-odd effects in Higgs boson couplings being e HiGG202207 :
tested in different ways, e.qg. ATAS vron® Hewun  le unscu
« SMEFT interpretation of the pTH spectrum in R ]
Combination of fiducial differential cross-section s -
measurements in H—-yy / tt / WW / ZZ final [ S — §
states [CMS-PAS-HIG-23-013] ¢ — '
= Fiducial differential cross-sections for VBF/ttH, I |
H—17, e.g. A(pjj, sensitive to Higgs CP [HIGG-
2022-07] L v
= All results compatible with the SM -5 -0 5§ 0 5 10 15

Parameter Value
2D and 1D scan of pairs of CP-even and CP-odd operators23



Latest results on:
Higgs self couplings
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On the search side: HH production

= Another way of probing the EWSB

mechanism: making progress towards — v e IR SR .
testing the shape of the Higgs potential ey’ |T GOSINUCIVE }
through the Higgs self-coupling y, [erterence ol )

= Rare process in SM: o(gg—HH)
=0.1%*0(gg—H)

= |LHC has generated ~7.5 million Higgs boson e
but only 4500 Higgs-boson pairs in Run-2 V%ﬁé; : VV}V ---H
V§ S V&K, — - H
» Access the triple Higgs boson coupling (K, ) = S e —=
= Probe the shape of the Higgs potential
= Also access to other interactions, e.g. o aemaive
VVHH (k s
( 2V) Standard Model
potential 2
1 m
V=V+ —m?{hz + —gvh3 e
V) 2 / 2v
Higgs field value Higgs bosqn
in our Universe Higgs boson mass: self interaction
_/ Current know to 0.2%
experimental
: knowledge
0 L :1;:246 GeV

VA

s No golden channel, therefore a combination is
important to increase sensitivity!

= Existing results
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News on K

= ATLAS Run-2 HH combination (bbtTt +
bbyy + bbbb + multileptons + bblI+MET)
s Best (exp.) upper limit on o(ggF HH): < 2.9
(2.4) X SM @95% CL

= Similar result obtained by CMS [Nature
607 (2022) 60] with same channels

« Observed limits on K,

« ATLAS: [-1.2, 7.2]
= CMS: [-1.24, 6.49]

= Hierarchy of channels depends on many
things — not the same in ATLAS/CMS

= The following aspects are key to progress
towards HH evidence:
s (Good detector performance
s Improvements of analysis and object
performance technique
= Exploring new channels

Phys. Rev. Lett. 133, 101801

—e— Observed limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 b’ (M##+ =0 hypothesis)
SM [0 Expected limit +10
o HH)=32.8 fb
ooF + ver(FH) =1 Expected limit +20
Obs. Exp
bbet + Efissf— * 10 14
Multilepton— + 17 1
bbbb|- + 53 8.1
bbyyl + 4.0 5.0
bhrir |- | { 59 33
Combined|— 29 24
A T S TS S S A A A
0 5 10 15 20 25 30 35 40

Events /2 GeV

95% CL upper limit on HH signal strength Ly

.- -1
CMS Preliminary 138 fb™' (13 TeV)

e e ety
[ Non-resonant HH — yytt ¢ Data ---.B model

6 —
[y Cato ~-B+H —B4+H4+HH

50 [17] 68% expected| | 95% expected —

s

HH — TT1YY: Clean, but?
small BR 3

wllll;

R S
B component subtracted |

P I BN T
00 110 120 130

L PRI SIS S S S N S
140 150 160 170 180

m,, [GeV]
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« Current constraints on K,

= ATLAS: [0.6, 1.5] Phys. Rev. Lett. 133, 101801

= CMS: [0.67, 1.38] Nature 607 (2022) 60

= Dominated by bbbb

= Exploration of new channels also

important in this case, e.g. CMS first search

for all-hadronic bbVV in boosted topology

- -0.04 <K, <2.05@95% CL (0.05 <K, <1.98

exp.)

CMS

Nature 607 (2022) 60

138 fb' (13 TeV)
g

103__ LI B R

[k =K =Ky =1

102:

Excluded

10

95% CL limit on o(pp — HH) fb

| STET

7
—— Observed

= Theory prediction

Median expected
68% CL expected ]
95% CL expected -

Excluded

PR I T R
-2 =

CMS-PAS-HIG-23-012
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10CMS Preliminary 138 fb~' (13 TeV)
{2} T T T T T T T T T
g Diboson QcD
Lﬁ t s HWwW ggF HHbbVV x 100
Bl Hbb — VBF HHbbVV x 2000
8l Single-t VBF HHbbVV (kzy = 0)
mm W+Jets —— VBF HHbbVV (kzv =2)
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6l
4
] 1]
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CMS Exotica Summary Plots

Overview of CMS EXO results

s protiminary march 2024

S v

[

A huge BSM program at LHC:
Higgs as a portal for new physics?

ATLAS Exotics Summary Plots

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

0 [Ldt=(32-139)f V5=8,13TeV
Model Ly Jetsi ET™ [ran) Limit Reference
T T
ADD Gk + e 1-4 Yes %1 |Mg n-2 1710001
2 | ADD non-resonant yy 2y 367 |Ms n=3IHZNO 1707.04147
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

BSM in the Higgs sector (a couple of examples)

» Pseudoscalars (a) via Higgs decays

107"

1072

1073

107

10°°

P
H (1’,4
p
CMS Preliminary 35.9-138 fo'' (13 Te eV)

E

3 =
E [] Observed exclusion 95% CL E
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:E ‘ H — aa — pppp H—>aa - 1ttt E:
- PLB 796 (2019) 131 PLB 800 (2019) 135087 |
I~ H — aa — putt H — aa — purtt .
E JHEP 08 (2020) 139 JHEP 11 (2018) 018 =
= H — aa — libb H — aa — bbbb 3
- HIG-22-007 HIG-18-026 -

1 1 1 T N N B B | 1 1 1 1

1 2 3 4 5 6 78910 20 30 40 50 60
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2HDM+a 2HDM DM models

» Higgs and dark
matter: 2HDM+a
models

< 7V || <72V ~O GeV/|
Hel A| | X°
125 (e <7V ~10? Ge
h || H a
Q
g f z %
H oo
f a < X
g
h
.
....... X
a < \,

2HDM-+a, Dirac DM, sin@ = 0.7, m, = 10 GeV, gl =1,m,=

my, = m,,, =600 GeV

778 BT DT VB TT D TTB T

ATLAS Preliminary
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L June 2024
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Limits at 95% CL
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BSM in the Higgs sector (a couple of examples)

: : X
» Resonances decaying to Higgs bosons: X — = Anomaly
HH combining bbbb , bbyy and bbTr final states  detection based Mﬂ(,r"ﬁ )
resonance search ¥ b
in fully hadronic H .
states )
b
Phys. Rev. Lett. 132, 231801 Phys. Rev. D 108, 052009

7I[lllllllllIllllIlllllllllllllllllllllll
“3 T LI I T l T T T T I T T T T TTT II T I I ] 10
= 105 ATLAS | ATLAS —— Data
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i : ---- Expected limit (95% CL ] '
x Spin-0 g - ( ) 10° = Fit Range: 1.3 - 4.9 TeV Stat. + Syst. Uncert.
© 104 [ Expected limit £10 — .
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10° 4 $10°
- 3 >
- 1 W
102'5_ —E
= - 10 e
- . f L""'L_f-
- . Lesagss
10" = e
B ] 10" o
100 —— Combined 4 g5 ceee b b
B L L1l I 1 l | L L | I | | I T N T I | II 1 I I E %
200 300 500 1000 2000 3000 5000 S o
mx [GeV] § ]
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BSM in the Higgs sector (a couple of examples)

= Looking for scalar fields beyond
the minimum prescribed in the
SM. They might be neutral,
charged, light, heavy, CP-even
(H), CP-odd (A), etc

s E.g. search for A/H decaying to
top-antitop pairs

Excess of >5 o (local) close
to threshold, fitted equally
well by A and by color-
singlet top-antitop bound
state

= |Important to see what Run-3
data shows for these small
excesses

Ratio to background Ratio to background <Events / GeV>

Ratio to background

CMS-PAS-HIG-22-013

CMS preliminary 7] 138 fb=1, Run 2 (13 TeV)
Other mm tX tt Prefit uncertainty + Data
-1<chan<-% -1<chan<-% -1<chan<-% -%<chan<% -%<chan<% '%<Chan<% %<chan<l %<Chan<1 §<chan<1‘
103}, 1<ch|<3 -l<ch|<3 <ch|<1 1<ch.<3 -l<r:,,|<3 l<ch,<1 1<Cn|<3 -l<ch,<3 <ch,<11
102
° S i 3 ES L X L 3 L
Prefit —— A(365, 2%), ga=1 —|— H(365, 2%), gy =1 —— N u(nt) 1 Uncertamty
- |
‘_ [ L T
ClinE RN
0.8 ]
Postfit (BG + A/H) —— A(365, 2%), ga=0.75+0.03 —— H(365, 2%), gy =0.0+0.27 Uncertainty
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: | \} IR
1.0 P )" gk ) l | l ’ | H l
M ] g o } * i o +
0.9 !
Postfit (BG + n,) —— Ny, u(ny) =1.11£0.12 Uncertainty
1.1 | ‘ |
1 0 ‘ [ i L I‘.. | H } L + ‘ H
) |
TR AN L | |
1} | PP N e I BN S . I SN S S
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Discovery Today

1 | 1 | | | 111
1 | — | | | m -
Run-1 Run-2 Run-3
(2010-2012) 151 (2015-2018) LS2  (2022-2026)
7-8 TeV 13 TeV ATLAS-CMS 136 TeV
30/fb 140/fp ~ YPgrade phase-1oq o ted so

far: >195/fb

Latest results using Run-3 data at 13.6 TeV!

32



Cross-section measurements at 13.6 TeV (1/3)

= Given strong sensitivity of H—yy and H—4l channels, ATLAS and CMS performed
analyses using early Run 3 datasets (34.7 fb—1 collected in 2022)

= Good agreement with SM predictions!

« Measured fiducial cross-sections:
- 41: 2.8+0.74 fb (ATLAS), 2.94"°%  (stat)*®* _ (syst) fb (CMS), 3.09"% _fb(SM)

. yy: 76" fb (ATLAS), 78+11(stat)® (sys) fb (CMS), 67.8+3.4 fb

CMS-PAS-HIG-23-014

«CMS Preliminary 34.7 fo'! (136 TeV) Eur. Phys. J. C 84, 78 (2024)
> T N RS 3 16000F= p g T T =
8 18 :— H- ’Y’Y m, =125. 38 GeV All Categones —: - -¢-Data E
g S/(S+B) weighted E = 14000 (5=13.6 TeV,31.41b" — Total pdf =
n F B C : 1
= & ¢ Data ] € 12000 . —Signal pdf 5
§ 1 — S4B fit E 2 P 1Y --- Bkg. pdf =
w4 e w 10000— -
s EN B component F -
£ wf Mo B 8000 E
2 sf M2 3 6000 =
= oF = 4000 -
?_ 4 E = o o
I i 2000 .
) 21— — 5 - =

X 400
. 200,
s 0
S -200
-400=—735 120 130 140 150 160
m,, [GeV]
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Cross-section measurements at 13.6 TeV (2/3)

= Given strong sensitivity of H—yy and H—4l channels, ATLAS and CMS performed
analyses using early Run 3 datasets (34.7 fb—1 collected in 2022)

= Good agreement with SM predictions!

CMS Preliminary CMS-PAS-HIG-23-014 347 b7 (13.6 TeV) CMS Preliminary CMS-PAS-HIG-24-013 347 f™" (136 TeV)
= T T T = :
> p-value (MadGraph NNLOPS) - 0.06 g [ ' evls [powisg)im 0105 ]
(\5 102 H—) — ggH (MadGraph5_aMC@NLO + NNLOPS + Pythia) + XH— =8 — ggH (POWHEG + JHUGen + Pythia) + xH N
= - VV — ggH (MadGraph5_aMC@NLO + Pythia) + xH 7 o — ggH (POWHEG + NNLOPS + JHUGen + Pythia) + xH
I 1l — ggH (POWHEG + Pythia) + xH 1 ﬂn - xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia) -
% 10 3 xH = ttH + VH + VBF (MadGraph5_aMC@NLO + Pythia) 3 S [ § Data (stat @ sys unc.) 5
3 - § Data (stat @ sys unc.) _ ] <6 I Systematic uncertainty .
<] 0 I Systematic uncertainty 3 - i i
4 1 0 ; E 3 ; _, .
F 81 - % 1
i %[ 4 7. —
10" :l_l—_l_l— sl - .
102 ™ 4 2 : o
g #—] : e 5
i e !
-3
1 O g | | | | I 0 | ! e e e e e e e e e e e
S | ! - | 1 24 | 1
o2 * lgx = ke B ]
3 [ 1 — s , 1 3 |
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Cross-section measurements at 13.6 TeV (3/3)

= Comparing 13.6 TeV measurements with Run 1 and Run 2 results
s Good agreement with SM predictions! expected trend predicted by the SM

S 100 LR B S s e S [ S A A T L L L T
&I 90F ATLAS — SM o (pp—H, m,, = 125.09 GeV) E
T E Y Hoyy A HoZZ*—>4l QCD scale uncertainty .
b& 80K ¢ Combined H—yy + H—>4l Total uncertainty (scale ® PDF+a,) =
70 .
60 =
50F c
40 =
30F —j
- \s=7TeV, 4510’ :
20~ /s =8 TeV, 20.3 ft' E
10E Vs =13 TeV, 139 fb' E
: Vs =13.6 TeV, 29.0-31.4 fb’ :
0 I I B B B R B B
7 8 9 10 11 12 13 14
Vs [TeV]
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| HL-LHC

Discovery
: | —— — H
Run-1 Run-2 Run-3 Run 4-5 ...

(2010-2012) LS1 (2015-2018) LS2  (2022-2026) LS3 (2030-204X)
7-8 TeV 13 TeV ATLAS-CMS 136 Tey  ATLAS-CMS 5-7.5x

30/fb 140/fb  Ypgrade phase-ic ,\jacted so YPIrade phase-2 nominal lumi
far: >195/fb 14 TeV
3000/fb

Looking towards the (not so far) future
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High Luminosity LHC (HL-LHC)

s HL-LHC will dramatically expand the ATL-PHYS-PUB-2022-018
nggs phySiCS reach . ' Vf§'=14 TeIV, 3000‘fb4perclexperime'nt
= 170M Higgs bosons - 120k HH pairs for ;’ti' - ATLAS and CMS

—— Statistica ) -
3000/fb . — Evondments HL-LHC Projection
= But also challenging! —— Theory Unosraity (X4
s« More pile-up, beam induced cavern Ky B e
background, radiation to detectors < b= e or 1
. . — . d &
s Big challenges for computing and data W = e
storage given the larger dataset Kz BE= 15 07 06 12
Ko = 25 09 08 2.1
. Reql_ures Im.provements for = Sk B8 14 &
experiments in all areas -
. . Ky B 3.7 13 13 32
s Detectors, trigger, software and computing
K = 1.9 09 08 15
= 43 38 1.0 1.7
KZY — 9.8 72 1.7 64

0 002 004 006 008 01 012 0.14
Expected uncertainty

= 2-4% precision for many of the Higgs
couplings. Theory uncertainty remains the
largest component for most measurements
e = Different uncertainties scenarios

‘HL—LHC: Pileup of 250 considered in these studies 37
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http://cds.cern.ch/record/2805993

High Luminosity LHC (HL-LHC)

= HL-LHC will dramatically expand the
Higgs physics reach

s Differential cross-sections: theory

uncertainty dominates in many bins

ATL-PHYS-PUB-2022-003
250

L ATLAS Preliminary
-H— T, IyH|<2.5
I Projection from Run 2 data

- MRun2, Vs =13 TeV, 139 b’

150 |- MHL-LHC, Vs = 14 TeV, 3000 fo”

- Current theoretical uncertainties

| % Projected theoretical uncertainties

200

llllllllllll

Expected Ac/o, [%]

100

50

III|IIII|I

0

N(jets): 21 1 22 =0 =0 22 ! 22 22
p.(H)[GeV]: [60,120]  [120,200] [200,300]  [300, o[ [0,200] ! '
m, [GeV]: [0, 350]* [0, 350] [850, ! [60,120]  [350, e !
gluon fusion + gg = Z(— qq)H : VBF + V(- qq)H ! tH

ATL-PHYS-PUB-2022-053

N LR L B AREE AN RN R RN LR A AR RN

E ool ATLAS Preliminary 2

g H V'S =14 TeV, 3000 fb- _

! B HH - bbyy + bbt* T~ + bbbb H

16 i Projection from Run 2 data _

. Asimov data (kx = 1) .

L —+— No syst. unc. T

12__ —e— Baseline |

| Theoretical unc. halved A

- —+— Run 2 syst. unc. .

8 -

4 N\Y XN R A 95%

[ A\ g 68%]
L N0

-2 -1 0 1 2 3 4 5 6 7 8

Ka

= Significance of HH signal at the 5¢ level (considering
both experiments)

= 50% uncertainty on the self-coupling

s Several times CMS and ATLAS have exceeded their

extrapolations (R&D, e.g. ATL-PHYS-PUB-2024-016 bbTr)
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http://cds.cern.ch/record/2841244

To conclude...

s Major advances in Higgs boson physics since its discovery. Impressive
results thanks to collaborations, available data, improved algorithms and theoretical

predictions
s With increasing complexity of the analyses in terms of statistical model and analysis

definition

= The Higgs is a tool in the search for new physics: direct and indirect way
s So far good agreement with SM prediction given current accuracy
s Still room for new physics, unfortunately no roadmap available

s A contextualised glimpse of the current state of the art for Higgs physics provided
in this talk. More details will be provided in the following talks: Luke Baines,
Gregory Douglas Penn, Sergei Shmatov

s Further analysis is being performed using the full Run-2 statistics and first results

for Run-3 start to arrive as well
s But already ~5x more data collected already in Run-3!
s More combined measurements are expected in the coming months
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ATLAS members by home institution

ATL-OREACH-PUB-2023-001

- F | | | | | =
S - .
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~ W— : -]  Slovakia, Slovenia
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institution (2022)
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Higgs production and decay modes at LHC

Higgs Decay mode
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Why is important to study couplings?

s Couplings are a powerful test of nature of Higgs : SM, or subtly different?
s |nterpretations evolving from coupling strength to full coupling structure (EFT)

s Two main frameworks used for interpretations:

s K framework: .
= k parameters act as linear modifiers to H coupling | s . 5 A =k2-i2. oM. Iy
strengths PR P )
s SM-like > k=1 o . g
s Testing with and without BSM contributions in decays ki =—sm and Kj =5

(B, invisible rate, B undetected rate)

s EFT framework:
= One Wilson coefficient ¢ introduced per BSM coupling
(6)

= Measured in combination of multiple final states, Lovierr = L “—09 +{ Y, 00
targeting CP-even operators § 4
s SM-like - ¢ =0
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Combined couplings measurements

Nature 607 52 (2022)
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ATLAS H—-T1T1 analysis
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ATLAS Final Run 2 VH—bb measurement

Flavour tagging i
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ATLAS Final Run 2 VH—bb measurement

arXiv:2410.19611
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Higgs total width

» Atthe LHC, SM T inaccessible via direct measurements of the Higgs boson line
shape or flight distance, due to limited detector resolution

CMS Simulation
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