HH ot LHC and beyond

Review of latest results and future prospects
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Higgs boson in the SM

Standard Model of Elementary Particles The Higgs boson in the Standard Model:

e Elementary particle

three generations of matter interactions / force carriers

(fermions) (bosons) e Strength of interaction with other particles are
I 1 I relative to their mass.
~2.16 MeV/c? ~1.273 GeV/c? =~172.57 GeV/c? 0 ~125.2 GeV/c? e Interacts with itself.
7/; .7/; ?/; O 0 .
.- ” 4 .- - . H e SM does not predict mass. '
. o Atthe start of the LHC the Higgs mass was
up charm op gluon higgs the only missing SM parameter to predict
~4.7 MeV/c? ~93.5 MeV/c2 ~4.183 GeV/c? 0 . pdeUCthﬂ ond decoy rates.
wil s - o 0 e Unique in the SM!
. r (8 ’ T o Scalar (spin 0).
down strange | bottom photon o |t makes the SM complete (i.e. explains mass
of particles)
~0.511 MeV/c? ~105.66 MeV/c? ~1.77693 GeV/c? ~91.188 GeV/c?
- N 1 ST - Discovered by the ATLAS and CMS Collaborations in
2012 (see 10 year anniversary Scientific Symposium).
electron muon tau Z boson
<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?
0 0 0 +1
3 Ve Y Vu Y% VT 1 W
electron muon tau
neutrino neutrino neutrino W boson
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https://indico.cern.ch/event/1135177/timetable/

Standard Model Total Production Cross Section Measurements

Standard Model processes

Status: June 2024
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ATLAS Public Results



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Higgs boson at the LHC

Handbook of LHC Hiogs Cross Sections

Main production mechanisms in pp collisions. a o
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG#CERN_Reports_Handbook_of_LHC_Hig

Higgs boson at the LHC

Main decay mechanisms: branching ratios dependant on the Higgs mass. Handbook of LHC Higgs Cross Sections
W/Z t 1__] I I I I I I I I I | I I | | I I | I I | | l__g
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How do we choose which channels to search for?
L High bronChlng rOtiO- -4 | 1 | I | 1 | I ] 1 | i 1 | | I | | 1 | | |
e Clean signature (good detector resolution). 10 80 100 120 140 160 180 200

My [GeV] 5
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG#CERN_Reports_Handbook_of_LHC_Hig

—— Geneva'——

e proton-proton collider ot CERN.

e 27 km of circumference.

e Several experiments:
o ATLAS & CMS: general purpose detectors.
o ALICE (studying heavy ion collisions),
o LHCb (flavour physics).

e Collisions energy: 7 TeV — 13.6 TeV
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partons
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ATLAS
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Candidate Event
pp — H(—bb) + W(



Charged particles tracking at
the inner detector

Electromogneic aond hadronic
Calorimeters provide energy
meosurments

> |
~
—

Muon spectrometer :
Trigger: hardware based Level 1

\ u‘ A ' (100 kHz) and software based
e 8 High-level (1-3 kHz)
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We found a Higgs!
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ATLAS discovery paper G _I ; ATLAS ]
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3o pot Wb ot yent pet 3 oct
Month in Year

e Alarge search program in all decays channels from the
start of the LHC Run 1.
e Main channels leading to the discovery:
o H-ZZ*-41 H-yy, H-oWW-=ivAv.
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https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060

We found a Higgs!

Run 142 H — ~y
Run 142 H — 4¢
Run 1 Combined
Run 2 Combined
Run 1+2 Combined

| I | | | | I

ATLAS e+ Total Stat. [ | Syst. | Combination
Run1:/s=7-8TeV,25fb~!,Run2: \/s =13 TeV, 140 fb~!

Total Stat.  Syst.
Run1H — vy I ® |  126.02 + 0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4¢ I o i 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — ~y I-[i:rl 125.17 + 0.14 (+ 0.11 + 0.09) GeV
Run2 H — 4¢ 124.99 + 0.19 (+ 0.18 + 0.04) GeV

125.22 + 0.14 (+ 0.11 + 0.09) GeV

b

|—|-|I|—1
h_‘tﬂ
i

124.94 + 0.18 (+ 0.17 + 0.03) GeV
125.38 + 0.41 (+ 0.37 + 0.18) GeV
125.10 + 0.11 (+ 0.09 + 0.07) GeV
125.11 + 0.11 (+ 0.09 + 0.06) GeV

| | | | I | | | | l | | | |

123 24

10th anniversary of the
Higgs boson discovery
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https://indico.cern.ch/event/1135177/timetable/
https://indico.cern.ch/event/1135177/timetable/

The LHC dataset now
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Yo o A\ oct
Month in Year Mean Number of Interactions per Crossing
Luminosity collected by ATLAS Pileup conditions are much more challenging!
e Run1:Sfblat7TeV & 20 fb'at 8 TeV e Efficiency and resolution of objects
e Run 2:140 fo' at 13 TeV reconstruction requires more work.

e Run 3:~300 fo' at 13.6 TeV
o endingin 2026.
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Trilinear Higgs Coupling
N V() = —p@? 4+ Ap*

. 1
SRV = Vo + AVPh? £ Awh® 4 b

mMass self-
m2 we can probe this via
)\SI\’I - H  the HH production
2y2 H“O\
V(¢) EEnm II-II mm ..”self-coup“ng
H',
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Trilinear Higgs Coupling
Mo V(@) = —p¢® + A"

. 1
MGIRAR V= Vo+ WRRE AR + L hd

Mass self-

N e

minimum of the  shape of the
potential  potential

V(¢)

12



Trilinear Higgs Coupling
Hoeseria V(9) = —p?¢® + Mg

ur universe lives in ]- ]-
0 the mirgimum: V = ‘/0 + §m%1h2 + )\3Vh3 + Z)\4h4
In the Standard
Model:
2 _ SM
202
V(o)

Non-resonant HH production searches probe the shape of the
Higgs potential by measuring the Higgs self coupling: k.

arelycg@cern.ch 13



Trilinear Higgs Coupling
N V() = —p@? 4+ Ap*

ur universe lives in 1 ]-
eV = Vo + §m%,h2 + \svh3 + Z)\4h4
In the Standard
Model:
2 . SM
L
V(¢)

Non-resonant HH production searches probe the shape of the
Higgs potential by measuring the Higgs self coupling: k.

K, # 1 could indicate beyond Standard Model physics.

arelycg@cern.ch 14



Trilinear Higgs Coupling
N V() = —p@? 4+ Ap*

1

4
4A4h

, o 1
O l
urunti\r/ueerfneinlivnfzrlr: V = [’0 + émijhz + )\BI/h3 |

In the Standard
Model;

. SM
)\SM _ m_%{ K\ — )\/)\
VL

Non-resonant HH production searches probe the shape of the
Higgs potential by measuring the Higgs self coupling: k.

K, # 1 could indicate beyond Standard Model physics.

Moreover, in the SM: H e
H ’0’ H ‘,’ H
¢ A . A IIIIIII “’ AB A ”
3 - 4: *e 4 *,
H'e, H’o.
arelyco@cern.ch We can use HHH searches to independently constrain A, 15



Electroweak phase transition

Measurements of the Higgs self-coupling can give insight about our universel

V(o) V()
@ @

SM: 2" order phase transition. Continuous N
cross-over from one phase to the other. BSM: 15 order phase transition.

Baryogenesis requires a first order electroweak phase transition,
which would lead to a modification to the Higgs potential ...

arelycg@cern.ch 16



Stability of the Universe

Measurements of the Higgs self-coupling can give insight about our universel

Stable universe Metastable universe
e Current minimum is the absolute minimum. e Current minimum is a false vacuum.
e Higgs fields will remain like this forever. e Lifetime is larger than the age of the universe, but

eventually it will decay to the new minimum...

V(¢) V(¢)

Stag o

@
No)
9
2
9
<
N

A S Z‘(//7
Nay:
current currerﬁ\f//ng

minimum minimum \\\
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Stability of the Universe

Measurements of the Higgs self-coupling can give insight about our universel

Precision on top mass is also fundamental to answer the

: - : Metastable universe
question on the metastability of the universe.

e Current minimum is a false vacuum.

arXiv:1205.6497 e Lifetime is larger than the age of the universe, but
1 ATLASH+CMS 3 ab™! per experiment eventually it will decay to the new minimum...
| Projections ESPPU 2026
180.0 A V(¢)
] Instability
1775 my from tt-+jet
g - —--- g TeV (202 b ) g
O, | Metastability —— 13 TeV (363 th 1) =
S —— S2 with profiling
: -\ """" S2 without profiling
1725 1 ,/%‘-{3‘."\}/
. '\\—//" current~ ”@//,7
170.0 Stab|l|ty ---- minimum  ~~3
1248 1215.0 - 12I5.2 - 12:5).4 - 1215.6 - 12I5.8
my [GGV]

Measuring the self-coupling can provide discrimination between different scenarios, or different models.
But, keep in mind that we will require to measure triple-Higgs production to fully describe the shape of the Higgs potential. 18
arelycg@cern.ch


https://arxiv.org/pdf/1205.6497

Arbitrary units

0.14

0.1

0.08

0.06

0.04

0.02

O P

HH production

Main production mechanism is via gluon-gluon fusion.
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ATLAS Simulation
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Adapted from: Phys. Lett. B 800 (2020) 135103
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®---------- H
Y

K
, QR H

There is however destructive interference between the box and
triangle diagrams, thus the cross section is suppressed
(~10% times smaller than single Higgs cross section).

Ka = A/AM
SM predictsk, =1

e m, distribution depends onk,.
e Forlarge values of k, the triangle diagrom dominates.
e Forvalues ofk, #1, x-section can be enhanced.
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub

HH production

Main production mechanism is via gluon-gluon fusion.

S " 9 9999999999990 > Q®---------- H
IL1f h‘;A ////
A e----- o
H o A \
R Kt
g 2999999999999 ~ H g 9999999999999 - ®---------- H

Other production mechanisms also allow us to probe different couplings: k., , K,,.

Vector boson fusion

Associated production ttHH

g 50000 t g vsosooy———1 _-H
/_H A A A //
______ H _____‘/
A
Y S Sl S H 1 .
4 - g D00 00 —<—— 1 ~H

g TOEOTO—=<—— ¢

VVHH coupling modifier
SM predictsk,,, =1
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VVH coupling modifier
SM predictsk, =1
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HH production

LHCHXSWG-20192-005

Production cross sections at 13 TeV for m, = 125 GeV

0 2190900000080 @ - Ho N Gluon fusion (NNLO)
Kt Ex - 67
. el oopr = 31.05757% (scale + myop) + 3.0%(PDF + ;) fb
7 99999990 . H g i Trilinear self-coupling modifier: KA

Vector boson fusion (N°LO)

ovgr = 17310 gig’ (scale) + 2.1(PDF + as) fb

VVHH coupling modifier Koy

Associated production, VHH (N?LO)

90, oty = 0.363732% (scale) £ 1.9(PDF + ) fb

VVH coupling modifier Ky

SM predictsk, =1,k,, =1,k =1 01
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https://cds.cern.ch/record/2690841/files/LHCHXSWG-2019-005.pdf

Standard Model Total Production Cross Section Measurements

Standard Model processes

Status: June 2024
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wWwv

s-chan

tot.

ATLAS Public Results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Search channels

bb ww T Z7Z
bb

WW 4.6%
TT 7.3% 2.7%
ZZ 3.1%

arelycg@cern.ch

Channels with large decay fractions
may lead to challenging signatures.

Exploring a mixture of different higgs
decay channels to increase the
sensitivity.

Different analysis strategies developed.

Combination
is key in this search!

23



Search channels

bb WWwW T ZZ
. [
WW 25% 4.6%
T 7.3% 2.7% 0.39%
ZZ 3.1% 1.1% 0.33% | 0.069%
YY 0.10% | 0.028% | 0.012%

arelycg@cern.ch

[bbbb] Largest decay fraction, exploit
data driven techniques to estimate
dominant multijet background.

[bbtr] Medium decay fraction, good
signal selection purity.

[bbyy] Lower decay fraction, but
excellent m,, mass resolution.



Search channels

bb WWwW T ZZ
bb
WWwW 4.6%
Tt 7.3% 2.7%
ZZ 3.1%
YY 0.26%

arelycg@cern.ch

Several other decay channels explored by
both Colloborations:

e [bbll+ MET] Targeting multiple decay

fractions, with one Higgs not decaying
into bb (bbWW/bbtt/bbZ2).

o [(yy) multi-lepton] Covering multiple
decay modes, where neither Higgs decay
into bb.

o [yytt, WWyy] Very small decay fraction,
but signal purity can be large.

25
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LHC Run 2 Legacy results
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LHC Run 2 SM HH limits

CMS 138 fb” (13 TeV
Phys. Rev. Lett. 133 (2024) 101801 . T T T T T ' '38' b (3| ev)
arXiv:2510.07527 K =K=K =Ky= 1
—e— Observed limit (95% CL —e— Observed == 68% expected
ATLAS . @%chy T Median expected :----- 95% expected
____________ Expected limit (95% CL) W Wy
Vs =13 TeV, 126—140 fb-! (MHH =0 hypothesis) Obs. (Exp.): 95 (54) |
| | Expected limit +10
oS, ver(HH)=32.8 fb e 6627, 4
1 Expected limit £20 Obs. (Exp.): 33 (41)
Obs. Exp. YT
; Obs. (Exp.): 31 (26)
bbll + Efss = * | 10 14 Multilepton
Obs. (Exp.): 22 (20)
Multilepton— 17 11 bBW W
| Obs. (Exp.): 16 (18)
bbbb|- + 5.3 8.1 bbyy
Obs. (Exp.): 8.4 (5.6)
- bbt*t
bbyy[~ * 4.0 5.0 Obs. (Exp.): 3.4 (5.3)
- bbbb
bbttt™ [~ * 5.9 3.3 Obs. (Exp.): 7.5 (4.3)
Combined
Combined— 2.9 2.4 Obs. (Exp.): 3.5 (2.5)
. L | [
0 5 10 15 20 25 30 35 40 1 10 100

95% CL upper limit on HH signal strength uyy 95% CL limiton o(pp > HH) / &

Theory


https://arxiv.org/abs/2406.09971
https://arxiv.org/abs/2510.07527

LHC Run 2 SM HH limits

CMS
LAl | : I T T
K = K=Ky =Ky =1
—e— Observed = 68% expected
------ Median expected :-::-- 95% expected

Wy f N e Competitive results from both ATLAS and CMS.

Obs. (Exp.): 95 (54)

622, 4 ] o Upper limits on SM HH signal strength:

Obs. (Exp.): 33 (41)

1381013 Tev)

T ATLAS Obs 29 (Exp 2.4) CMS Obs 3.5 (Exp 2.5)

bbW*W
Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbtt

Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

i e The sensitivity is dominated by the bbtr, bbyy and bbbb channels.

o The larger sensitivity of bbbb for CMS comes from the combination
of both boosted and resolved ggF analyses.

. [ I g i I
1 10 100

95% GL imiton ofpp - HH) /o, resolved expected 7.8; boosted expected 5.1
ATLAS —— Observed it (95% CL) ATLAS analyses the boosted topology only for VBF HH production.
Vs=13TeV, 126—140fo-! =~ E(uxf,ffﬁdh&"ﬁégi’.s/) o
SM _ [ Expected limit 10 e . . . .
Pl =S2E0 e Expectedimt 220 o The larger sensitivity of ATLAS in the bbtt channel is driven by the
o B tau triggers (in CMS these triggers require tighter selection cuts
bbtt + Eiss|— * 10 14
Multilepton— ; * 17 11
ooeor ﬁ 28 e Additional decay channels add around 5% to the final sensitivity.
N S 40 50
bbttt * 5.9 33
Combined|— 2.9 2.4
o 'é'"'1'0""1'5""2'0""2'5'”'3'0""3'5""4]0‘ 28

95% CL upper limit on HH signal strength uyy



ATLAS + CMS combination

ATLAS and CMS Preliminary ~®~ ©Observed

---- Expected (ufii™mv =0)
LHCRun 2 [ Expected 10

Vs =13 TeV [ Expected +20

-#- Expected (ufifimv =1)
oSM  ver(HH) =32.8 fb P HH

Exp. Exp.

ObS (uﬁls-;mo\/:o) (uﬁls_;mov= 1)

CMS|- -:r 35 26 36 e Legacy Run 2 limits on SM HH signal strength
| o Observed 2.5 (Expected 1.7 for a y,,, = 0 hypothesis)
ATLASL E . i - ”a as e The observed (expected) significance: 1.1o (1.30).
Combined— 25 1.7 238

L
T g e
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1 2 3 4 5 6 7 8 9 10
95% CL upper limit on HH signal strength uyy
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/

Constraints on K, andK,,,

Leading sensitivity by bbyy and bbrr Dominant channel: boosted VBF bbbb
(better access to low m, ).
< 8 B I | | I ! ! ! ! I ! ! ! ! I I I I I I I I I I I 1 I I I I I 1 1 1 I_ < 8 B L I L I L I L I L I L I L I L I L |
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I 7 LHC Run 2 — CMS 4 Y 7FLHCRun? — CcMS
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61— All other k fixed to SM —— Obs.:95% CL [-0.71,6.1] 61— All other k fixed to SM —— Obs.:95% CL[0.73,1.3]
- —-—=- Exp. 95%CL[-1.3,6.7] 1 N ——- Exp.: 95% CL[0.66,1.4]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
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Main features of these searches
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bbtt

Select 2 b-tagged PFlow jets and 2 OS taus (t
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012

JHEP 01(2024) 066

Select 2 b-tagged jets and 2 high p; photons.

bbyy

JHEP 03 (2021) 257
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https://link.springer.com/article/10.1007/JHEP01(2024)066
https://doi.org/10.48550/arXiv.2011.12373

Phys. Lett. B 858 (2024) 139007/
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VBF production:k,, # 1 (BSM)

e have larger cross-section,
e the decay production are more energetic; harder
m,,,, spectra, we can exploit boosted signatures.
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Background efficiency
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https://cds.cern.ch/record/2707946/files/DP2020_002.pdf
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub
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QCD and ttbar background estimated
using data driven techniques.
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Define multiple ggF and VBF categories,
to improve sensitivity to both SM and BSM production

Phys. Rev. Lett. 131 (2023) 041803
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/
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Run 3 dataset has surpassed the data collected in Run 2.
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Run 3: Great Expectations

More datao, better triggers, better taggers, better performancel

CMS-PAS-HIG-24-010
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ATLAS-FTAG-2023-07
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Significant improvements using state-of-the-art machine
learning architectures on identification techniques.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-07/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/

Run 3: Great Expectations

More datao, better triggers, better taggers, better performancel
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Asymmetric pl thresholds, multi-b / b+t, delayed stream.
arelycg@cern.ch


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2022-02/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-010/

un 3 results!

ing up to 2024 data AT LAS HH—-bL bYY

arXiv:250703495
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
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w
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un 3 results!
ing up to 2024 data

arXiv:250703495

Reanalysis of Run 2 data and new 2022-2024 dataoset.

Improvements:
o 50% for additional luminosity.
o new b-taggers (20%)
o analysis re-optimisation (10%)
o kinematic fit to improve o(m,, ) and o(m

bbyy
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Run 2

Run 3

Combined

e With +300 fb™!, single analysis is now competitive to the

ATLAS HH—-bbyy

ATLAS
Vs =13/13.6TeV, 140/ 168 fb~1
HH - bbyy

—e— Observed limit

---- Expected limit (uyy = 0)
Expected limit (uyy = 0) +20
Expected limit (uyy =0) =10
Expected limit (uyy = 1)

Expected limit (uyy = 0)
JHEP 01 (2024) 066
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Self-coupling: -1.7 < k, < 6.6 (-1.8 <k, < 6.9 exp)
e Combined 0.840 (1.010) discovery significance.
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41



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/

un 3 results!

e Analyses for two categories:
o Merged (using largeR jets, AK8)
o Resolved. Done with two alternative approaches using
m 1D, m,, fit (mjj as input to BDT)
m 2D, Fitting m,, M, NN trained (w/o m.) for signal-bkg
discrimination.
e Improve m; Mass resolution:
o  DNN regression and improve flavour tagging (ParticleNet)
gives 10-20% improvement.
e Final estimate of non-resonant background from fit to the
diphoton mass spectrum.
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https://cds.cern.ch/record/2945062/files/HIG-25-007-pas.pdf

- mgn 3 results!
w 2022-2023 data CMS HH-=b bYY

Resolved topologies

CMS-PAS-HIG-25-007
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https://cds.cern.ch/record/2945062/files/HIG-25-007-pas.pdf

un 3 results!
ing 2022-2023 data

e New results using 22+23 data

CMS HH-bbbb

o re-analysis of Run 2 results expected (not yet included in the PAS note).

e Improvement in sensitivity x2

o new strategy and bkg estimation, parking triggers, PNet tagging at HLT, new taggers...

Resolved
e NN used to separate signal from bkg.
e NN trained to learn CR2b —» CR4b used to
estimate; background estimate in SR4b
from SR2b (similar to ATLAS Run 2 strategy).

e Additional NN to discriminate ggHH from
VBFHH

Boosted:
e New Hbb triggers
e GloParT score to select boosted H-bb
candidates.
o tagger calibration from Z-bb
e QCD multijet extracted from NN reweighing
e DNN used for bkg discrimination.

arelycg@cern.ch
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https://cds.cern.ch/record/2947325?ln=en

un 3 results!

ing 2022-2023 data CMS HH->-bbbb

CMS-PAS-HIG-24-010

e Limits using 62 fb' competitive already with the Run 2 results 62 fb™ (13.6 TeV)
(140 fo).
— SM — Observed t1o
0y <44 (44 exp). CMS oM Ceed i
o Self-coupling: [-3.3, 9.7] ([-3.4, 10.0]) ¢4
o HVV coupling [0.63, 1.43] ([0.54, 1.51)) '
Resolved |
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of 1 10
15_ 95% CL upper limit on M
.
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.. and beyond!
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HL-LHC

LHC HL-LHC

[EYETS]
13 TeV

13.6 TeV 13.6 - 14 TeV

energy
Diodes Consolidation
splice consolidation cryolimlt LIU Installation -
7 TeV 8 TeV button collimators interaction ; inner triplet e
Pl S R2E project reglons Civil Eng. P1-P5 pilot beam radiation limit installation

2013 | 2014 | 2015 2020 2022 | 2023 | 202 | 2025 IIIIIIIM
5to 7.5 x nominal Lumi_,
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS /
beam pipes

4 : : HL upgrade
nominal Lumi w ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi /_ upgrade
EXd 190 ' (450 fo! ] 3000 fb
luminosity EEOLTE{ 3

What will be our sensitivity to observe

Di-Higgs production with the HL-LHC From LHC
dataset? to HL-LHC

— to what precision will we measurek, ?
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HL-LHC Projections

_ATL-PHYS-PUB-2025- 001

— 4.5 ! v y | ! ! L : | i ! ! : |
Difficult to anticipate improvements in reconstruction, 2. I ATLAS Pre||m|nary —%— Nosyst.unc. -
identification, trigger and overall analysis strategies. T [ /S =14 TeV 3 ab-! —B - Baseline ]
Important to identify the areas of opportunity in each analysis. ~40F) 7 T 0 Sl d o
@ *YI'HH - bbyy Theo. unc. 50% _
0rXi2504.00672 § " Run 2 legacy projection —e— Run 2 syst. unc. |
o 12 = | Fixed b-tagging mistag rates _
O c 3.5
c ATLAS + CMS Projections ESPPU 2026 i= ]
S 1ol VS5=14TeV, 3ab" ~1 per experiment | @ - -
'"é SM HH production (k) = 1) 30k _
m L -
m o ) ]
< 8r W bbbb T I -
'é mmm bbyy 2.5 ]
B2 g mam bbtT - _ I
g B Combined ook b
T 4t ] I ]
65 70 75 80 85 90
2| 1 b-efficiency at DL1r 77% WP c- and light-rejection [%]
Latest projections are based in our legacy results from Run 2 (input

for the European Strategy Update 2025)
o ATLAS: HH combination, bbtrt, bbyy, boosted VBF 4b,
bbf{+MET, multi-lepton.
o CMS: HH combination
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-004/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/https://arxiv.org/abs/2504.00672
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-001

HL-LHC Projections
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S3 scenario: k, is expected to be measured as 1.01“8_22.
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HL-LHC Projections

Measuring the self-coupling can provide
discrimination between different potential
scenarios or models.

BSM potential can be expressed as a
deformation of the SM EWSB potential.

Scenarios considered in the HL-LHC projections
are in the context of SMEFT (dim 6 and 8) and
modifications of the low-energy SM Higgs
potential by small term (logarithmic or
exponential).

These scenarios predict a strong first-order
phase transition in the early universe fork, >k _. .
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Final remarks

Ultimate goal for the HH physics prograom: combination of all searches! We should work on:
o Improving the sensitivity of the main channels: bbtr, bbyy, bbbb.
o Exploring different signatures: both boosted and resolved contribute significantly.
o Other “smaller’ channels also have an impact in the final result.

Not discuss here:
o resonant X-HH/SH searches are also an important branch of this research.
o Both Collaborations have now published Run 2 searches for HHH production, constraining the quartic
coupling.
m  ATLAS in the HHH—=6b channel for ; HL-LHC projections have been made public for this result.
m CMSinthe HHH—=6b and HHH—=4b2y
o CMS has published a search for ttHH (in final states including H-yy)

Promising outlook for more Run 3 results:
o New triggers,
o better object reconstruction and identification,
m improved large-R jet taggers (for boosted Higgs identification),
o novel analysis techniques,
o Itis paramount to continue advancing object performance and analysis strategies developments
to achieve our goall

Great prospective for Di-Higgs searches at the LHC and HL-LHC.
o Important to reach this milestone discovery in these hadron accelerators.
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