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i+ First searches for HHH production

4+ Future directions
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Introduction

BROWN

+ In the SM, after the EWSB, the Higgs potential is given by
1 1 m?

L = —m2h® + k> +—2h*, with 1 = —-

2 4 2V

+ Thus, the standard model fixes the relative size of the triple and quartic Higgs
boson self-coupling, which guarantees the EW vacuum stability under such a

potential

+ Generally speaking, this does not have to be the case and in beyond-the-SM
scenarios, the two couplings, referred to as Az and A4, could differ from one

1 1
another: & = —mph* + Avh® + —,h*
2 4

+ This has important implications for the EW vacuum shape and stability

Standard ‘Model New physics
A3 = M\ + A3 7 A4

Stable

/ What we observed / Me'astable?

>
Higgs field H \\/
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Why Looking for HHH Production?

BROWN

+ Just like HH production gives a tree-level access to the
trilinear coupling A3, HHH production is the lowest level
process directly accessing A4 (at tree level)

® Importantly, it also is quite sensitive to the Az coupling (also at tree

level), and as such complements HH production as a tool for
studies of A3

® |t also offers the most straightforward way to check if the SM
relationship, Az = A4, holds
+ Until recently, this process has not received a lot of theoretical
or experimental attention, which has now changed (as of ~2
years ago)
+ Very active area of studies, both theoretical and experimental,
as evident from the creation of the HHH Working Group within

the WG4 of the LHC Higgs Working Group earlier this year
(more on that later)
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Kick-Off 2023 Workshop

BROWN
+ We had a kick-off HHH Workshop in Dubrovnik in July 2023

= A ;- 4*}3,»» .l‘,i Y
L oo . ST i R L o B 1 B
+ Resulted in the HHH White Paper [EPJC 84 (2024) 1183]
Eur. Phys. J. C (2024) 84:1183 THE EUROPEAN ()
https://doi.org/10.1140/epjc/s10052-024-13376-3 PHYSICAL JOURNAL C %r;)eﬁ;gr
Review
HHH whitepaper

Hamza Abouabid', Abdesslam Arhrib!, Hannah Arnold”, Duarte Azevedo’, Vuko Brigljevic', Maggie Chen’,
Daniel Diaz®, Javier Duarte®, Tristan du Pree’-3, Jaouad El Falaki’, Dinko Ferencek*, Pedro. M. Ferreira'®:'!,
Benjamin Fuks'?, Sanmay Ganguly'?!4, Osama Karkout”®, Marina Kolosova'>, Jacobo Konigsberg'’,
Greg Landsberg'®, Bingxuan Liu!”'3, Brian Moser'®, Margarete Miihlleitner’, Andreas Papaefstathiou®’,
Roman Pasechnik?', Tania Robens*?, Rui Santos'?"'!, Brian Sheldon®, Gregory Soyez?2, Marko Stamenkovic'®,
Panagiotis  Stylianou?’, Tatjana Susa®, Gilberto Tetlalmatzi-Xolocotzi>*25, Georg Weiglein?32°,

Giulia Zanderighi?’-2%, Rui Zhang?’
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-024-13376-3.pdf
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B HHH Production

+ The main challenge is a very small production cross
section for HHH, even at the FCC-hh
+ Calculations in the SM exist at NNLO accuracy in QCD:
® onunH = 0.1 fb (@13-14 TeV, LHC)
® OxHH ~ 6 fb (@100 TeV, FCC-hh) JHEE 03 (20200195
+ Seemingly impossible process to study at the LHC, so
why bother now?
® Because of a number of BSM scenarios!

® |nclude non-resonance and resonance enhancementc of
the HHH cross section

+ Before looking at these details, let's see why the cross
section is so small

de Florian, Fabre, Mazzitelli
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Diagrammatics

BROWN
+ There are four classes of Feynman diagrams oy M Vt3__n____..s
contributing to the production (dominated by gluon 1
fusion)
® LO: 50 top quark loop diagrams + 50 bottom loop ones;
ignore the latter “ay . M~ YPA3

+ Four classes: ?
®© Pentagon: ~y13 - 24 diagrams; destructively interfere with ]
the "signal" 9
© Box: ~yi?As - 18 diagrams, proportional to As - destructive -,
inerference

® Triangle: ~yiA32 - 6 diagrams, proportional to Az2 -
destructive interference

® Quartic: ~yiA4 - 2 diagrams, sensitive to quartic coupling -
do not interfere with other diagrams to the fist order
+ Given the A3 = A4 = 0.13, while yt = 1 in the SM, box
diagrams dominate in the SM

® Strong destructive interference suppresses the SM cross
section (similar to the HH case)

HHH Production at the LHC and Beyond - Scalars 2025
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Decay Channels

Branching fraction

Most promising: 4b + 22 jets
2b2:WW(4j), 2.1% (Total B = 37.7%)

2b4r, 0.68%
23%

6b, 19.5%

y @@
4b2{2v, 0.9%

HHH(6b) = HHH(4b21)
m HHH(4b2g) = HHH(4b2W—4b4j)
® HHH(4bWW—4b2j8v) = HHH(4bWW—4b22£2v)
® HHH(2b2TWW—2b214)) m HHH(2b4r)

= HHH(4b2y)
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BROWN

Coupling Dependence

4+ Here is the cross section dependence on the

il coupling modifiers xi = Ai/Asw,

'é 3. o/osm @ 100 TeV Very significant enhancement for large %
g ? vvvv oo @100 TeV
S 6 ?
% 2 4 9 1oi A
E 4 : Gfb j
2 3 °T 3fb
é 1 - . ' 5fb j
% 2 < 0 280 b 10fb
g" 0- 1 _55 100 fb
% _10l 50fb N
i'; [ 30fb j:
o .1 sl \ | Lo/
! 0 1 2 3 42 : ‘

z Abouabid et al., EPJC 84 (2024) 1183



https://link.springer.com/content/pdf/10.1140/epjc/s10052-024-13376-3.pdf
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TRSM Scenario

BROWN

+ Even more significant cross section enhancement is achieved in two real
singlet models (TRSM)

® Introduces two real singlets in addition to the SM Higgs doublet

0

O=\gptv],S=
V2

® After EIWSB and mixing, results in three Higgs bosons

h1, h2, h3, with M1 < M2 < M3s; h belng
the SM Higgs boson o

Logio[a(pp->hhh)]

h Pn |
h2 — R (bS 500:- 15
hs bx .
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® The following production
mechanism is possible:
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-024-13376-3.pdf
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BROWN

TRSM LHC Exclusion

+ Projected exclusion for 10 benchmark points allows to
probe them in the 6b final state with just 300 fb-1 of data,

l.e., with LHC Run 2+3 data

Abouabid et al., EPJC 84 (2024) 1183

Label (M, M3) [GeV] £Sig. S|300-! EBke. BlLom-! siglypom-1 (SYst.) siglyg00m-1 (SYSt.)
A (255, 504) 0.025 14.12 8.50 x 107* 19.16 2.92 (2.63) 9.23 (5.07)

B (263, 455) 0.019 17.03 3.60 x 107> 8.12 4.78 (4.50) 15.10 (10.14)
C (287, 502) 0.030 20.71 9.13 x 1073 20.60 4.01 (3.56) 12.68 (6.67)
D (290, 454) 0.044 37.32 1.96 x 10~ 44.19 5.02 (4.03) 15.86 (6.25)
E (320, 503) 0.051 31.74 2.73 x 107* 61.55 3.76 (2.87) 11.88 (4.18)
F (264, 504) 0.028 18.18 9.13 x 107> 20.60 3.56 (3.18) 11.27 (5.98)
G (280, 455) 0.044 38.70 1.96 x 10~* 44.19 5.18 (4.16) 16.39 (6.45)
H (300, 475) 0.054 41.27 2.95x 1074 66.46 4.64 (3.47) 14.68 (4.94)
I (310, 500) 0.063 41.43 3.97 x 107* 89.59 4.09 (2.88) 12.94 (3.87)
J (280, 500) 0.029 20.67 9.14 x 1073 20.60 4.00 (3.56) 12.65 (6.66)

+ These models contain both 3- and 2-body resonances,

making it easier to cope with the backgrounds

+ These are phenomenological projections, which likely will
be exceeded by ATLAS and CMS


https://link.springer.com/content/pdf/10.1140/epjc/s10052-024-13376-3.pdf

Other Extensions

+ The HHH resonance signature is also possible Iin
other SM extensions, e.g., C2HDM (complex two
Higgs doublet model), N2HDM (next-to-2HDM), and
NMSSM

® |In this models, one could have pp — h2h1 = hih1hy, i.e.,

without a 3-body resonance, but with a 2-body
resonance present

* Di-Higgs production can win over single-Higgs production!

® The cross section is similarly enhances by 2-3 orders of
magnitude for reasonably light extra Higgs bosons, and
can be as high as ~100 fb at the LHC

® These channels also could be probed at the (HL-)LHC

HHH Production at the LHC and Beyond - Scalars 2025
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Connections with Cosmology

BROWN

+ There are a number of connections between the Higgs potential and both the EW
vacuum stability and the EWPT in early universe

+ The HHH production clearly contributes to these connections by constraining the
parameters of the Higgs potential and is complementary to the cosmological
observations, including the use of gravitational waves to study the EWPT

® In particular, the strength of the first-order FOPT is proportional to 1/4,
+ For example, one could connect the enhanced LECINEE AL |kNrIrZ X

HHH production in TRSM with the Viable points with o> 100 X gsu(pp —» hhh)@13.6 TeV
conditions needed for FO EWPT 600 1 . . . °
+ A scan within TRSM indicates the : © . .

regions of the parameter space where 5501

the HHH cross section is enhanced by

more than a factor of 100 & 5001
s

+ Analysis of all these points showed that
FOPT is not realized in this parameters
space (and generally for the case when
both real singlets have non-zero vev 4001

at the present 'tlme) 260 280 300 I\Zzo[Gev?i‘w 360 380 400
2

HHH Production at the LHC and Beyond - Scalars 2025
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https://link.springer.com/content/pdf/10.1007/JHEP11(2024)077.pdf
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+ Given how small the cross section is, there are a
number of experimental challenges

® Efficient triggering on all-hadronic final states

® Performant flavor tagging

® Resolving the combinatorics (particularly for 6b channel)
® Reliable background predictions

® Large background rejection

+ Many of them were addressed in the HHH White
Paper and subsequent experimental studies

+ Will highlighted a few in this talk




GRS

BROWN

Triggering

+ Both ATLAS and CMS have significantly revisited trigger strategy for
HH(4b) for Run 3

+ The HHH(6b) and HHH(4b+X) studies could piggy-back from these
developments, showing an impressive improvement in the trigger
performance

ATLAS, JINST 20 (2025) P03002
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https://iopscience.iop.org/article/10.1088/1748-0221/20/03/P03002/pdf
https://pdf.sciencedirectassets.com/271542/1-s2.0-S0370157325X00089/1-s2.0-S0370157324003247/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20250922T151337Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYTEDJSM36/20250922/us-east-1/s3/aws4_request&X-Amz-Signature=a6043e71f284d52b3a91615ba517f7734070a558ed6fde3c14d1f445de033cce&hash=5b33cc255f49e283424c428f9cb21bdf0e58332e2fe56edfeac16b4b7900a418&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370157324003247&tid=spdf-b4af3fb0-4b8e-4545-834e-bb7808fb377a&sid=955487b5212ff94f391bce911b8570893cd5gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&rh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=0f165e57515601065b0403&rr=9832bf4cda06862e&cc=us

BROWN
+ Similar improvement in the area of flavor tagging,
iIncluding double-b taggers made possible by advanced

machine-learning techniques (GNNSs, transformers)

+ Background rejection improved by an order of magnitude
or more, both online and offline, at a constant signal

efficiency CMS DP-2023-021 [l

- SimuIation Preliminary

—— DeepCSV online /

-1
10 E  —— DeepJet online

Flavor Tagging

ATLAS FTAG-2023-01
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ATLAS Slmulatlon Prel|m|nary ~2500
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= —— ParticleNet online

- ---- DeepJet offline // i
---- ParticleNet offline / L -

HHH Production at the LHC and Beyond - Scalars 2025

light-flavour jet misidentification rate

o 2000
Y| c 50F ] S 102 7 e
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https://cds.cern.ch/record/2857440/files/DP2023_021.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/

Boost or Bust!

+ Generally the combinatorics of arranging 6b jet into 3 Higgs
candidates is large: C62C§C22/3! = 15 combinations

+ However, the Higgs bosons are produced with a quite large pr
(~200 GeV for the leading one!), so jet merging is often observed

+ With one merged jet, the combinatorics becomes C§C§/2! = 3,
and with two or more merged jets, the combinatorics is 1!

pp — HHH —— Leading p_Higgs
Ay = A= Agy
Rapidity |y(H)| < 2

0.25

Normalized

—a— Sub-leading P, Higgs

0.2

HHH Production at the LHC and Beyond - Scalars 2025

—e— Third P, Higgs

0.15

0.1

0.05

0 100 200 300 400 500 600

700 800 900
Simulated Higgs P, [GeV]

Abouabid et al., EPJC 84 (2024) 1183
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-024-13376-3.pdf

+ HHH search is a fruitful ground for advanced ML approaches
® In addition to ML in jet taggers, also in assigning multiple jets to Higgs bosons and in
reducing the dominant backgrounds

+ One such advanced approach pursued in the CMS H(6b) search is a symmetry-
preserving attention-based transformer DNN SPAHet [Shmakov et al. Sci. Post. Phys.
12 (2022) 178]

+ The input features include all AK5 jets and all AKS8 jets, which are then matched to three
Higgs boson candidates, either in the resolved or merged (low combinatorics!) regimes

AK5 Jet Embedding Central Transformer Target Transformer Outputs
[ N A g S H1
N (. —_— Resolved H1 —_— Detection Probability
g . . Encoder Assignment Distribution
4 — | | e— |
8 o o Boosted H1 o Detection Probability
N' o] (o] Encoder Assignment Distribution
= = =
] @ — (]| 7 || 2 2
N :g:‘ g" :g:‘ Resolved H2 Detection Probability
> 3 3 3 Encoder Assignment Distribution
'>2 o g < b
m m m ) "
(& g g O O O g Boosted H2 Detection Probability
‘U D 8_ 8_ 8_ Encoder Assignment Distribution
- g 9 g
© —)— — o
b Resolved H3 g Detection Probability
0 0 ° _> o Assignment Distribution
o o Encoder
- — \
—l _» Boosted H3 : Detection Probability
\ ) \_ ) y Encoder Assignment Distribution
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https://scipost.org/SciPostPhys.12.5.178/pdf
https://scipost.org/SciPostPhys.12.5.178/pdf
https://arxiv.org/pdf/2412.03819

SPANet Classification

+ The transformer encoding is permutation invariant and optimizes the
accuracy of assigning jets to Higgs candidates

+ The mass bias is explicitly removed by training on several Higgs boson
mass hypotheses in the 75-175 GeV range and reweighting the events to
achieve the output uniform in mass for each topology

+ Qutperforms the baseline model based on the minimizing the mass

differences between three candidates by a factor of 2!
0bh3rh 1bh2rh 2bh1rh 3bh0rh

HHH Production at the LHC and Beyond - Scalars 2025
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https://arxiv.org/pdf/2412.03819

ATLAS Search

+ ATLAS was the first to publish an HHH search

@ Done in the most sensitive 6b channel, both the resonance and
non-resonance scenarios

® Uses the >=6b signal region, and 4b and 5b control regions to
predict background (77% b tagging efficiency per jet)

® Simple accounting for the combinatorics via 6b pairing
minimizing |M(h+) - 120 GeV/| + [M(h2) - 115 GeV| + |M(hs) - 110
GeV/, with the nominal masses coming from simulation
<+ Correct pairing is achieved in 49% of SM events and 30-84% of BSM
events
® The background rejection is achieved via a DNN with the input
features based on the jet kinematics and correlations
“+ Separate DNNs are trained for 4b, 5b, 6b regions, and resonant/non-
resonant searches

<+ The dominant QCD background is estimated from the 4b/5b control
regions

HHH Production at the LHC and Beyond - Scalars 2025
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ATLAS Search (cont'd)

+ Three models tested: nonresonant production, Catas T Ll

L Vs=13TeV, 126 fb™' _.rommmame . — Obs. 68% CL

N ---- Obs. 95% CL
S Unitarity
., % SM

TRSM production, and generic heavy-resonance W e
production of X and S scalars (heavier than within oL

TRSM) with the pp — X — Sh — hhh decay g

+ Nonresonant case limits are shown on the left - the
first limits on x4 ever set

—200—

—400 —

+ Resonant limits result in 95% cross section limits in = B (R _
the 50-200 fb range for the TRSM and in the 5-10 ATLAS, PRD 111 (2025) 032006
fb range for most of the heavy resonance scenario

A TLAS ® Data ] | ATLAS ® Data

ATLAS ® Data 7]
-{ L -1 -1 N
Vs=13TeV, 126 fb — (m,, my) = (400, 200) GeV’ Vs=13TeV, 126 fb ) (., m) = (500, 350) GeV*_| | Vs=13TeV, 126 fb (m m )_ (900, 325) GeV,
on-resonant interpretation SM HHH — esonant interpretation xS E Heavy-resonant interpretation ~ — i Iy/mg = 0.2*
—_ = . . . — My mg
6b Signal Region, Post-fit E 6b Signal Region, Post-fit .post.m background 3 ,|_6b Signal Region, Post-fit (m,m ) (900, 325) GeV,
*Signal normalized to background .P stfit background 7 *Signal normalized to background ] e *Signal normalized to background — . i Ig/mg =0.01*
7 Uncertainty - 7 Uncertainty - M= TsfMs
2 re} Low-Score .  High-Score 8 - . Post-fit background
. o : ;
g Low-Score High-Score 3 S H o =
w 3 P g - Z/ Uncertainty
- f=
- Q < Low-S
] W 10%
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.032006

CMS Search in 4b2y Channel

BROWN

+ CMS pursued a low branching fraction and low-background 4b2y search in addition to the
6b one

4+ Only non-resonant production is considered

+ Pairs 4b jets into 2 h candidates by requiring the closeness of the masses (75% accurate,
with the overall efficiency of 60% for the correct pairing)
+ Signal is extracted from the background-subtracted mass spectrum of the h(yy) candidate
after BDT selections
® The dominant QCD backround is estimated from a sample with photons failing tight ID selections

(LSR)
® Two BDT are trained: one for non-resonant backgrounds from
. CMS PAS HIG-24-015

QCD and yy+jets, and one for resonant backgrounds from h+X e ————

o CMS Preliminary 138 b~' (13 TeV) CMS Preliminary 138 fb~! (13 TeV) CMS Preliminary 138 fb~! (13 TeV)
% HH|HH|H\\|\H\|HH|HH|HH|HH§ Q [ [ | | | I. I.I | 9_108 | | | | | |. |-| |
(0] Before ¢ Data ) ¢ Data —— Single Higgs ) ¢ Data —— Single Higgs
ALY E 5] mm Morphed LSR  — Double Higgs x100 o mm Morphed LSR  — Double Higgs x100
P BDT W Morphed LSR 3 & .y Jets — HHH x 10° & .y Jets — HHH x 10
@ 10t - Y_Y+JetS —= ot X ot X
O i+ X
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https://cds.cern.ch/record/2937680/files/HIG-24-015-pas.pdf
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~1cms 4b2y Search (cont'd)

BROWN

. . . . o 1o CMSPreliminary L (13T2Y)
 + The final selection is based on two BDT scores in  £]
(c\ln H . . E g categories
P m o8 [ CATO
Kl S signal categories shown on the right e
O [ 3 CAT2
N . . . . . osb
i + A slight excess is observed resulting in a bit looser 7 = o
C R . g
3 observed limits compared to the expected ones
m osbe
O R
C 03 04 05 06 07 08 0.9 1.0
& o BDTes
“ CMS Prellm/nary 138 fb (13 TeV) CMSI Prel/m/n.lary 1|38 fbo (1:|3.0 TeV)
- > _l ||||||||||||||| | L LA LA B : : 1 1 1 1 1 1 T T T T | 1 1 1 T T T T T T T T :
g 8 0 g HHH — 4b2’y All HHH Catego”es x 1000 [ I observed 95% CL (K)\3='10.3, K)\4='435.9) ]
5 2 ¥F + Data [ Expected 95% CL (kn3=1.0, kn4=1.2) :
5 § 30 — S4B it 750 Allowed range for Kxa ]
5 L - Tp) - from H+HH measurements ]
S 5= | e B component - - .
3 E =10 = 500 -
: 20F [J:20 S - :
% 150 (_D 250 E_ —E
é 10 I . :_ _:
% 5 hmndhA Lt gt) g ]
% ob b UL A L1811 ol s =
é 3 e Boomponent sublracted- ‘é’ 500 -
() % 10 * (&) - ]
Tt 5§ , - ]
S of 9000 8o ! 750 -
3 i 2 ' : E - :
-10 | | | | | | | _1000 : Ll | L1 | L1 | | | L1 | | — :
§ NRoo o 20 %0 140 150 160 170 180 -20 -10 0 10 20
a mYY (GeV) K)\s
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BROWN

CMS HHH(6b) Search

+ Fresh off the press: just approved CMS HHH(6b) analysis based

on SPANet classification

® Uses events not classified as either HHH(6b) or HH(4b) by SPANet and
replaces their b tag scores with the one sampled in the signal region;
normalized to the total number of events in the signal-like region

® Validated with HH(4b) events in data; limits are extracted in two
categories: 2 and 3 reconstructed H candidates, and are combined

Classification

Categorization

Events after pre-selection:
= 4 jets
Trigger
Hr > 450 GeV
ProbQCD k - )

Maximum probability
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+ Fresh off the press: just approved CMS HHH(6b) analysis based
on SPANet classification
® Uses events not classified as either HHH(6b) or HH(4b) by SPANet and

replaces their b tag scores with the one sampled in the signal region;
normalized to the total number of events in the signal-like region

® Validated with HH(4b) events in data; limits are extracted in two
categories: 2 and 3 reconstructed H candidates, and are combined

10° CMS Preliminary 138 fb”' (13 TeV) 10° CMS Preliminary 138 b (13 TeV)

CMS HHH(6b) Search
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‘UE) , £ 3 reconstructed H bosons, uw(HHH)=-87 *8 . £ 2 reconstructed H bosons, w(HHH)=-87

g 10 D GGF HHH postfit * Data ¢ 10 D GGF HHH postfit * Data

w 10° pos HH (SM) W 10° pos HH (SM)
10° —— GGF HHH SM prefit (X 500) Il QcD ) 10° —— GGF HHH SM prefit (X 500) I Qco )

Uncertainty Uncertainty
10* 10*
10° 10° 2bh0oh 1bh1h 0Obh2h
0°E"3bhoh . 2bhih : 1bh2h . Obh3h 0 ‘ ‘

Data / Bkg
OLNWHAO

Data / Bkg
4 O N WS
T
b
E
i+
Ei_‘

R U - ‘ ‘ ‘ ‘ ‘
'0 5 10 15 20 25 30 35 0 5 10 15 20 25
SPANET bin SPANET bin
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@95% CL

3bh0h
Expected: 6288
Observed: 7734

2bhth
Expected: 2600
Observed: 2729

1bh2h
Expected: 1381
Observed: 1448

0bh3h
Expected: 844
Observed: 725

3H-Comb.
Expected: 675
Observed: 640

+ u limits: 588 (572 exp.)

CMS Supplementary Preliminary 138 b (13 TeV)
T T T T ——T T T
HHH — 6p —* Observed ~  ----= 68% expected

------ Median expected ------ 95% expected
I 0l Ll
100 1000 10000

95% CL limit on o(pp — HHH) / ©

Theory

2 identified H
Exp. 1069
Obs.: 1279

3 identified H
Exp.: 675
Obs.: 640

Combined.
Exp.: 572
Obs.: 588
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2bhOh
Expected: 3525
Observed: 4751

1bh1h
Expected: 2375
Observed: 2820

Obh2h
Expected: 1344
Observed: 1256

2H-Comb.
Expected: 1069
Observed: 1279

CMS Preliminary 138 fb™' (13 TeV)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
HHH - 6p —*— Observed ~  -=-== 68% expected

------ Median expected -----: 95% expected
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 500 1000 1500 2000 2500 3000 3500 4000
95% CL limit on o(pp — HHH) / o
Theory
CMS Supplementary Preliminary 138 fb™' (13 TeV)
T T T T T T UL R
HHH — 6p —*— Observed ~ ----- 68% expected
------ Median expected -----: 95% expected
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CMS Preliminary

CMS PAS HIG-24-012

138 b (13 TeV
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HHH—> 6b, 1

HHH(K3’K4)! MHH(KS)

Exp. 68% CL
Exp. 95% CL
= = Obs. 68% CL
= Obs. 95% CL
[ Unitarity bound
%+ SM

TS
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N IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

A
w

+ For limits on coupling modifiers, the H
IS modified accordingly

-2 A log(L)

-2 Alog(L)

-

Limits on the Couplings
|_

CMS Supplementary Prellmmary

background

138 fb (13 TeV)

FrTIm 1" T T T
3 ] ‘ H HHH — 6b (AII other coupllngs set to SM)

6 n 2 reconstructed Higgs bosons :'
[ 3 reconstructed Higgs bosons _ ]
50 % Full combination : 1

~— Observed ;: ]
- Expected I |

-10 -5 0 5 10 15
K3

CMS Supplementary Prellmlnary 138 fb (13 TeV)

H H I I
1\ HHH — Gb (AII other couplmgs set to SM)

6 ~_ 2 reconstructed Higgs bosons
[ 3 reconstructed Higgs bosons :
s s Full combination 7

~— Observed
--- Expected

200

100

2200 -100 0O



Slide 28 Greg Landsberg - HHH Production at the LHC and Beyond - Scalars 2025

+ Combination of CMS 4b2y and 6b channels

N
-
<
<
o
O
L
<
o
n
=
o

0 CMS Supplementary Preliminary ~ 138 fb™ (13 TeV)
<+ _I T I LU I LIBLILIL I LI I LU I LI I LI I LU I LI I T I_
600 f_ Observed
- . 68%CL
so0f ", 95%CL
200f ' =
of .
~200F ]
~400f ]
_600[ ]
~800f ]
: HHH .
~1000F —— e ——— Bb+2y 4b .
—1200F — 2y 4b SR - Unitarity boundary .
_I L1l I Ll 1l I Ll 1l I L1l 1l I Ll 1l I L1l 1l I L1l 1l I Ll 1l I L1l 1l I L1l I_
-25 -20 -15 -10 -5 O 5 10 15 20 25
K
3

CMS Supplementary Preliminary 138 fb' (13 TeV)
zﬁ' 600 _I LI I LI I LU I LI I LU I LU I LI I LU I LI I LI I_
i Expected ]
4001 .. —68%CL ]
i ., 95%CL ]
200 o
of -
_200F -
_a00f s
~600} -
~goof- HHH .
[ —— &b ——— 6b+2y 4b )
1000 —— 2y4b - - Unitarity boundary —:
L1 1l I L1 1l I Ll 1l I L1 1l I Ll 1l I L1 1l I L1 1l I Ll 1l I L1 1l I Ll 1l

-25 -20 -15 -10 -5 O 5 10 15 20 25

K3



23
s
¥

a

Greg Landsberg - HHH Production at the LHC and Beyond - Scalars 2025

Uy
D:
\

9

ENE!
\=l [l

R

HHH Combination

CMS Experiment at the LHC, CERN
Data recorded: 2018-Jul-23 02:25:45,572928 GMT
Run / Event / LS: 320065 / 1043813170/ 660



Sensitivity to A; from Loops

BROWN
J+ Just like single Higgs boson production is sensitive to Az at 1-loop

i level, there is also a sensitivity to A4 at two loops T

8 ,’/~\\,”~\\ 5/————:\? ///"\\\ l\\ i ’

= TR AT T L SRt
B+ Similarly, double-Higgs production is sensitive to A4 at 1-loop level
i+ However, sensitivity is significantly worse than for HHH production
I

3 |

£ (expectedly!) HL-LHC FCC-ee and FCC-hh

5 200 — . . 3 B

& ' <

5 (=)

3 : N

2 | 0

& 100}

== X ___Hl .. S

'S y - SMEFT, ]

- DU %

8 _100 i B single-Higgs ‘E; [ SMEFTG/"' B single-Higgs

O] [ B double-Higgs ﬁ B double-Higgs

g} W triple-Higgs .% B triple-Higgs
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hhttps://arxiv.org/pdf/2505.20463

Toward the Future

BROWN

+ ATLAS and CMS submitted projections for HL-LHC based on the
published ATLAS analysis

® Similar to early HH projections, these are very conservative and likely to be
exceeded already with Run 3 data

® |n fact, the CMS Run 2 expected limits on %3 are already the same as in this
projection - hence the brand new projection!

HHH Production at the LHC and Beyond - Scalars 2025
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https://arxiv.org/pdf/2504.00672

Toward the Future

BROWN

+ ATLAS and CMS submitted projections for HL-LHC based on the
published ATLAS analysis

® Similar to early HH projections, these are very conservative and likely to be
exceeded already with Run 3 data

® |n fact, the CMS Run 2 expected limits on %3 are already the same as in this
projection - hence the brand new projection!
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https://arxiv.org/pdf/2504.00672

- Second HHH

BROWN

+ Based on the success of the first HHH workshop, we are hosting the second one in Dubrovnik next
week

+ One of the goals is to organize contribution to the CERN Higgs Working Group YR5

Organising committee
rigljevi¢, Ruder Boskovi¢ Institute
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https://indico.cern.ch/event/1387239/surveys/

- HHH Production at the LHC and Beyond - Scalars 2025

Greg Landsberg

+ As mentioned earlier, a new HHH subgroup of the WG4 (HH) group of the
LHC Higgs Working Group has been formed earlier this year

® First set of conveners (2025-2026)
lhc-hhh-wg4-conveners@cern.ch

William Balunas, ATLAS Benjamin Fuks, Theory Greg Landsberg, CMS
U of Cambridge, UK Sorbonne, France Brown U, USA

+ Mailing list: Ihc-higgs-hhh@cern.ch (self-subscribed w/ conveners approval)



mailto:lhc-higgs-hhh@cern.ch
https://e-groups.cern.ch/e-groups/EgroupsSubscription.do?egroupName=lhc-higgs-hhh
mailto:lhc-hhh-wg4-conveners@cern.ch
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+ Triple Higgs boson production at the LHC and beyond
IS an new addition to the Higgs potential studies

+ Pushes the envelope of triggering, flavor tagging,
advanced machine-learning technigues, so both
challenging and exciting!

+ Offers complementarity to HH production in terms of
A3 sensitivity and unique sensitivity to A4

+ First experimental results are already available; more
to come, particularly with Run 2 + Run 3 data

+ Many new theoretical studies of the collider
phenomenology and cosmological implications

+ Welcoming new people - an exciting area to join!



] ChatGPT Conclusions

* In the realm of particles so grand,
Where mysteries lie in each strand,
The Higgs boson takes its place,
With secrets held in its embrace.

Its self-coupling, a subtle dance,

A tryst of particles in cosmic expanse.
Yet direct measurements remain unseen,
As scientists strive to grasp its serene.

Indirect constraints like whispers told,
Unveiling truths in the particles' fold.

With bounds and limits, we seek to find,

The Higgs self-coupling, an enigma entwined.
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