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Outline
✦ Why triple Higgs studies?

✦ Production and decay

✦ Complementarity with HH studies

✦ First searches for HHH production

✦ Future directions
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Introduction
✦ In the SM, after the EWSB, the Higgs potential is given by 

, with 


✦ 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 λ3 and λ4, could differ from one 

another: 


✦ This has important implications for the EW vacuum shape and stability 
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Fig. 5 Illustration of the shape of the Higgs field potential for the Standard Model (λ3 = λ4) and for new physics scenarios where the trilinear and
quartic self-coupling are not equal (λ3 != λ4)

the fundamental nature of the Higgs boson and its role in the
universe.

The Higgs boson is a key element of the SM of particle
physics, responsible for the mass generation of elementary
particles. The ATLAS and CMS experiments at the Large
Hadron Collider (LHC) have confirmed the existence of the
Higgs boson and measured its interactions with gauge bosons
and the third-generation fermions. They have also found evi-
dence for its interactions with the second-generation charged
leptons [3,4]. However, the self-interactions of the Higgs
boson, which are related to the shape of the Higgs potential,
remain untested. The ATLAS and CMS experiments have
searched for the production of two Higgs bosons (HH ), but
no significant signal has been observed yet. No results have
been reported so far on the HHH production at the LHC.

The Feynman diagrams for both the HH and HHH pro-
duction at hadron colliders are shown in Fig. 6. While the
HH production is mostly sensitive to the trilinear coupling
λ3, the quartic coupling λ4 contributes at the next-to-leading
order. The HHH production, however, is dominated by both
the trilinear and quartic couplings at leading order.

From an experimental point of view, the measurement of
the Higgs self-coupling as well as the shape of the potential
can only be fully determined from a combined measurement
of the HH and HHH processes.

3.1 Cross-sections and branching ratios

At proton-proton colliders, the dominant production mode
for the HH and HHH processes is the gluon-gluon fusion
production mode. The theoretical and experimental status of
the HH production searches, and of the direct and indirect
constraints on the Higgs boson self-coupling is extensively
discussed in [21]. The cross-sections for both the HH and
HHH gluon-gluon fusion production mode, calculated at a
center-of-mass

√
s = 14 TeV at NNLO, are shown in Table 1.

The cross-section of the HH production is approximatively

300 times larger than the cross-section of the HHH produc-
tion.

Under the SM hypothesis, the dominant branching ratios
the HH and HHH decay modes are shown in Fig. 7 for a
mass mH = 125.25 GeV. Due to the largest branching frac-
tion of the H → bb̄ decay mode, the largest branching ratio
for the HH process is the HH → bb̄ bb̄ decay mode. In the
case of the HHH process, the largest branching ratios are the
HHH → bb̄ bb̄ WW and HHH → bb̄ bb̄ bb̄. Furthermore,
in the case of HHH , about 60% of the total cross-section
is accessible via the HHH → bb̄ bb̄ YY decay modes,
whereYY = bb̄,WW, gg, ττ, Z Z , yy. The HH and HHH
processes have similar decay modes, kinematics and back-
grounds. Therefore, the experimental techniques and results
obtained from the HH searches can provide useful guidance
and input for the HHH searches.

3.2 Sensitivities to SM HH

From an experimental point of view, the three HH channels
with the highest sensitivity are:

– HH → bb̄ bb̄: largest branching ratio (33.4%) but large
contamination from QCD multi-jet background,

– HH → bb̄ ττ : sizable branching ratio (7.2%) with lower
background contamination,

– HH → bb̄ yy: small branching ratio (0.3%) but low
background contamination and better energy resolution
on photons.

The HH → bb̄ bb̄ final state is the most probable decay
mode for the HH production, but it also poses several experi-
mental challenges. One of them is the identification of b-jets,
which requires efficient and precise tagging algorithms to dis-
criminate them from light-flavor jets. Another challenge is
the reliable modelling of the dominant background, which is
the QCD multi-jet production. This background has a large
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Why Looking for HHH Production?
✦ Just like HH production gives a tree-level access to the 

trilinear coupling λ3, HHH production is the lowest level 
process directly accessing λ4 (at tree level)

๏ Importantly, it also is quite sensitive to the λ3 coupling (also at tree 

level), and as such complements HH production as a tool for 
studies of λ3


๏ It also offers the most straightforward way to check if the SM 
relationship, λ3 = λ4, 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
✦ We had a kick-off HHH Workshop in Dubrovnik in July 2023


✦ Resulted in the HHH White Paper [EPJC 84 (2024) 1183]

5
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Abstract We here report on the progress of the HHH Work-
shop, that took place in Dubrovnik in July 2023. After the
discovery of a particle that complies with the properties of the
Higgs boson of the Standard Model, all Standard Model (SM)
parameters are in principle determined. However, in order to
verify or falsify the model, the full form of the potential has

a e-mail: trobens@irb.hr (corresponding author)

to be determined. This includes the measurement of the triple
and quartic scalar couplings.

We here report on ongoing progress of measurements for
multi-scalar final states, with an emphasis on three SM-like
scalar bosons at 125 GeV, but also mentioning other options.
We discuss both experimental progress and challenges as
well as theoretical studies and models that can enhance such
rates with respect to the SM predictions.
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HHHappy Crowd
6
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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:


๏ σHHH ≈ 0.1 fb (@13-14 TeV, LHC)

๏ σHHH ≈ 6 fb (@100 TeV, FCC-hh)


✦ Seemingly impossible process to study at the LHC, so 
why bother now?

๏ Because of a number of BSM scenarios!

๏ Include non-resonance and resonance enhancementс of 

the HHH cross section

✦ Before looking at these details, let's see why the cross 

section is so small7

de Florian, Fabre, Mazzitelli 
JHEP 03 (2020) 155

http://de%20Florian,%20Fabre,%20Mazzitelli,%20JHEP%2003%20(2020)%20155
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Diagrammatics
✦ There are four classes of Feynman diagrams 

contributing to the production (dominated by gluon 
fusion)


๏ LO: 50 top quark loop diagrams + 50 bottom loop ones; 
ignore the latter


✦ Four classes:

๏ Pentagon: ~yt3 - 24 diagrams; destructively interfere with 

the "signal"

๏ Box: ~yt2λ3 - 18 diagrams, proportional to λ3 - destructive 

inerference

๏ Triangle: ~ytλ32 - 6 diagrams, proportional to λ32  - 

destructive interference

๏ Quartic: ~ytλ4 - 2 diagrams, sensitive to quartic coupling - 

do not interfere with other diagrams to the fist order

✦ Given the λ3 = λ4 = 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)

8

g g > h h h WEIGHTED=28 [ noborn= QCD ] page 7/10

Diagrams made by MadGraph5_aMC@NLO

g

1

b
b~

h

3

b~

h

4

b~

g
2

b~

h5

 diagram 46 QCD=2, QED=3

g

1

b
b~

h3

b~

g
2

b~
h

4

b~

h

5

 diagram 47 QCD=2, QED=3

g

1

b
b~

h

4

b~

h

3

b~

g
2

b~

h5

 diagram 48 QCD=2, QED=3

g

1

b
b~

h4

b~

g
2

b~
h

3

b~

h

5

 diagram 49 QCD=2, QED=3

h

3

h 4

h

5

h

g

1

b
b~

g

2

b~

 diagram 50 QCD=2, QED=3

g

1

t~

t

g

2

t

h
4

t

h 5

t

h

3

 diagram 51 QCD=2, QED=3

g

1

t~

t

g

2

t

h
5

t

h 4

t

h

3

 diagram 52 QCD=2, QED=3

g

1

t~

t

g

2

t

h
3

t

h 5

t

h

4

 diagram 53 QCD=2, QED=3

g

1

t~

t

g

2

t

h
5

t

h 3

t

h

4

 diagram 54 QCD=2, QED=3

g

1

t~

t

g

2

t

h
3

t

h 4

t

h

5

 diagram 55 QCD=2, QED=3

g

1

t~

t

g

2

t

h
4

t

h 3

t

h

5

 diagram 56 QCD=2, QED=3

h

3

h

4

h

h

5

h

g

1

t~
t

g

2

t

 diagram 57 QCD=2, QED=3

h

3

h

4

h

g

1

t~

t

g

2

t
h

5

t

 diagram 58 QCD=2, QED=3

h

3

h

4

h

g

1

t~

t

g

2

t

t

h

5

 diagram 59 QCD=2, QED=3

h

3

h

5

h

h

4

h

g

1

t~
t

g

2

t

 diagram 60 QCD=2, QED=3

g g > h h h WEIGHTED=28 [ noborn= QCD ] page 7/10

Diagrams made by MadGraph5_aMC@NLO

g

1

b
b~

h

3

b~

h

4

b~

g
2

b~

h5

 diagram 46 QCD=2, QED=3

g

1

b
b~

h3

b~

g
2

b~
h

4

b~

h

5

 diagram 47 QCD=2, QED=3

g

1

b
b~

h

4

b~

h

3

b~

g
2

b~

h5

 diagram 48 QCD=2, QED=3

g

1

b
b~

h4

b~

g
2

b~
h

3

b~

h

5

 diagram 49 QCD=2, QED=3

h

3

h 4

h

5

h

g

1

b
b~

g

2

b~

 diagram 50 QCD=2, QED=3

g

1

t~

t

g

2

t

h
4

t

h 5

t

h

3

 diagram 51 QCD=2, QED=3

g

1

t~

t

g

2

t

h
5

t

h 4

t

h

3

 diagram 52 QCD=2, QED=3

g

1

t~

t

g

2

t

h
3

t

h 5

t

h

4

 diagram 53 QCD=2, QED=3

g

1

t~

t

g

2

t

h
5

t

h 3

t

h

4

 diagram 54 QCD=2, QED=3

g

1

t~

t

g

2

t

h
3

t

h 4

t

h

5

 diagram 55 QCD=2, QED=3

g

1

t~

t

g

2

t

h
4

t

h 3

t

h

5

 diagram 56 QCD=2, QED=3

h

3

h

4

h

h

5

h

g

1

t~
t

g

2

t

 diagram 57 QCD=2, QED=3

h

3

h

4

h

g

1

t~

t

g

2

t
h

5

t

 diagram 58 QCD=2, QED=3

h

3

h

4

h

g

1

t~

t

g

2

t

t

h

5

 diagram 59 QCD=2, QED=3

h

3

h

5

h

h

4

h

g

1

t~
t

g

2

t

 diagram 60 QCD=2, QED=3

g g > h h h WEIGHTED=28 [ noborn= QCD ] page 7/10

Diagrams made by MadGraph5_aMC@NLO

g

1

b
b~

h

3

b~

h

4

b~

g
2

b~

h5

 diagram 46 QCD=2, QED=3

g

1

b
b~

h3

b~

g
2

b~
h

4

b~

h

5

 diagram 47 QCD=2, QED=3

g

1

b
b~

h

4

b~

h

3

b~

g
2

b~

h5

 diagram 48 QCD=2, QED=3

g

1

b
b~

h4

b~

g
2

b~
h

3

b~

h

5

 diagram 49 QCD=2, QED=3

h

3

h 4

h

5

h

g

1

b
b~

g

2

b~

 diagram 50 QCD=2, QED=3

g

1

t~

t

g

2

t

h
4

t

h 5

t

h

3

 diagram 51 QCD=2, QED=3

g

1

t~

t

g

2

t

h
5

t

h 4

t

h

3

 diagram 52 QCD=2, QED=3

g

1

t~

t

g

2

t

h
3

t

h 5

t

h

4

 diagram 53 QCD=2, QED=3

g

1

t~

t

g

2

t

h
5

t

h 3

t

h

4

 diagram 54 QCD=2, QED=3

g

1

t~

t

g

2

t

h
3

t

h 4

t

h

5

 diagram 55 QCD=2, QED=3

g

1

t~

t

g

2

t

h
4

t

h 3

t

h

5

 diagram 56 QCD=2, QED=3

h

3

h

4

h

h

5

h

g

1

t~
t

g

2

t

 diagram 57 QCD=2, QED=3

h

3

h

4

h

g

1

t~

t

g

2

t
h

5

t

 diagram 58 QCD=2, QED=3

h

3

h

4

h

g

1

t~

t

g

2

t

t

h

5

 diagram 59 QCD=2, QED=3

h

3

h

5

h

h

4

h

g

1

t~
t

g

2

t

 diagram 60 QCD=2, QED=3

g g > h h h WEIGHTED=28 [ noborn= QCD ] page 10/10

Diagrams made by MadGraph5_aMC@NLO

g

1

t
t~

h3

t~

g
2

t~
h

5

t~

h

4

 diagram 91 QCD=2, QED=3

g

1

t~
t

h4

t

g
2

t
h

3

t

h

5

 diagram 92 QCD=2, QED=3

g

1

t~
t

h

4

t

h

3

t

g
2

t

h5

 diagram 93 QCD=2, QED=3

g

1

t

t~

g

2

t~

h
4

t~

h 3

t~

h

5

 diagram 94 QCD=2, QED=3

g

1

t

t~

g

2

t~

h
3

t~

h 4

t~

h

5

 diagram 95 QCD=2, QED=3

g

1

t
t~

h

3

t~

h

4

t~

g
2

t~

h5

 diagram 96 QCD=2, QED=3

g

1

t
t~

h3

t~

g
2

t~
h

4

t~

h

5

 diagram 97 QCD=2, QED=3

g

1

t
t~

h

4

t~

h

3

t~

g
2

t~

h5

 diagram 98 QCD=2, QED=3

g

1

t
t~

h4

t~

g
2

t~
h

3

t~

h

5

 diagram 99 QCD=2, QED=3

h

3

h 4

h

5

h

g

1

t
t~

g

2

t~

 diagram 100 QCD=2, QED=3

𝓜 ~ yt3

𝓜 ~ yt2λ3

𝓜 ~ ytλ32

𝓜 ~ ytλ4



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

H
H

 P
ro

du
ct

io
n 

at
 th

e 
LH

C
 a

nd
 B

ey
on

d 
- S

ca
la

rs
 2

02
5

Decay Channels
9

4b2𝛕, 6.3% 4b2j𝓁𝛎, 5.9%

4b2𝓁2𝛎, 0.9%

2b2𝛕WW(4j), 2.1%
2b4𝛕, 0.68%

4b2ɣ, 0.23%

4b2𝛕h, 2.7%

Most promising: 4b + ≥2 jets 
(Total 𝔅 = 37.7%)
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Coupling Dependence
✦ Here is the cross section dependence on the 

coupling modifiers 𝜿i = λi/λSM, 

10

Eur. Phys. J. C (2024) 84 :1183 Page 5 of 73 1183

Fig. 1 Representative leading-order Feynman diagrams for triple-Higgs production in proton-proton collisions

Fig. 2 Triple-Higgs production cross section at a proton-proton col-
lider operating at a centre-of-mass energy of 100 TeV. We present pre-
dictions normalised with respect to the Standard Model cross section
and with next-to-next-to-leading order corrections in the heavy-top limit

included (left, figure adapted from [30]), as well as at leading order
without any approximation (right, taken from [31]). The star and cross
represent the SM scenario

comprehensive phenomenological studies going beyond sim-
ple analyses of the total production rates, and where κ3 effects
must be correlated with κ4 effects. This will then have to be
confronted to a precise examination of di-Higgs production,
where κ4 impacts higher-order virtual corrections (similar to
κ3 for single Higgs production). Such an approach is expected
to yield complementary constraints, enabling a more precise
determination of κ4 [33,34]. For instance, for 30 ab!1 of pp
collisions at centre-of-mass energy of 100 TeV, the parame-
ter κ4 can be constrained to a range of [!3, 13] by profiling
over κ3. On the other hand, studies in the κ-framework are not
the whole story; investigations in the context of well-defined
ultraviolet (UV)-complete models are also necessary as they
could involve resonant contributions that significantly alter
rates and distributions.

Once Higgs-boson decays are taken into account, triple-
Higgs production can give rise to a wide variety of final-
state signatures. However, due to the diverse magnitude of
the different Higgs branching ratios and the expected back-
ground levels, only a select few final states have been stud-
ied thus far in light of their potentially significant signal-to-

background ratios and feasibility for detection. They include
cases where all three Higgs bosons decay into bottom quarks
[35] (hhh → bbbbbb with a triple-Higgs branching ratio
of approximately 19.5%), topologies in which two Higgs
bosons decay into bottom quarks and the third decays into
either a pair of photons [31,36,37] (hhh → bbbbγ γ with a
triple-Higgs branching ratio of about 0.23%) or a pair of
hadronically-decaying tau leptons [38] (hhh → bbbbττ

with a triple-Higgs branching ratio of approximately 6.5%),
and a configuration in which two Higgs bosons decay into
a pair of W -bosons and the third into bottom quarks [39]
(hhh → WWWWbb with a triple-Higgs branching ratio of
around 0.9%).

All past studies on triple-Higgs production in proton-
proton collisions at a centre-of-mass energy of 100 TeV have
significantly influenced the design requirements for future
detectors at such colliders. It has been consistently empha-
sised, irrespective of the considered hhh decay channel,
that excellent b-tagging performance is indispensable. This
entails achieving a low mistagging rate, even at the expense of
a lower tagging efficiency, and ensuring good coverage of the
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Fig. 1 Representative leading-order Feynman diagrams for triple-Higgs production in proton-proton collisions

Fig. 2 Triple-Higgs production cross section at a proton-proton col-
lider operating at a centre-of-mass energy of 100 TeV. We present pre-
dictions normalised with respect to the Standard Model cross section
and with next-to-next-to-leading order corrections in the heavy-top limit

included (left, figure adapted from [30]), as well as at leading order
without any approximation (right, taken from [31]). The star and cross
represent the SM scenario
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ultraviolet (UV)-complete models are also necessary as they
could involve resonant contributions that significantly alter
rates and distributions.

Once Higgs-boson decays are taken into account, triple-
Higgs production can give rise to a wide variety of final-
state signatures. However, due to the diverse magnitude of
the different Higgs branching ratios and the expected back-
ground levels, only a select few final states have been stud-
ied thus far in light of their potentially significant signal-to-

background ratios and feasibility for detection. They include
cases where all three Higgs bosons decay into bottom quarks
[35] (hhh → bbbbbb with a triple-Higgs branching ratio
of approximately 19.5%), topologies in which two Higgs
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triple-Higgs branching ratio of about 0.23%) or a pair of
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and a configuration in which two Higgs bosons decay into
a pair of W -bosons and the third into bottom quarks [39]
(hhh → WWWWbb with a triple-Higgs branching ratio of
around 0.9%).

All past studies on triple-Higgs production in proton-
proton collisions at a centre-of-mass energy of 100 TeV have
significantly influenced the design requirements for future
detectors at such colliders. It has been consistently empha-
sised, irrespective of the considered hhh decay channel,
that excellent b-tagging performance is indispensable. This
entails achieving a low mistagging rate, even at the expense of
a lower tagging efficiency, and ensuring good coverage of the

123

SM

Very significant enhancement for large 𝜿

LO

Abouabid et al., EPJC 84 (2024) 1183

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


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

H
H

 P
ro

du
ct

io
n 

at
 th

e 
LH

C
 a

nd
 B

ey
on

d 
- S

ca
la

rs
 2

02
5

TRSM Scenario
11

1183 Page 36 of 73 Eur. Phys. J. C (2024) 84 :1183

which contains nine real couplings µ!, λ!, µS , λS , µX , λX ,
λ!S , λ!X , λXS . All fields are assumed to acquire a vacuum
expectation value (VEV). The physical gauge-eigenstates
φh,S,X then follow from expanding around these according
to:

! =
(

0
φh+v!

2

)

, S = φS + vS!
2

, X = φX + vX!
2

. (12)

The scalars φh , φS , φX mix into the physical states h1, h2
and h3 according to



h1
h2
h3



 = R




φh
φS
φX



 , (13)

with the rotation matrix R characterized by the angles

− π

2
< θhS, θhX , θSX <

π

2
. (14)

In our scenario h1 is identified with the SM-like Higgs
boson, and h2 and h3 are two new physical heavier scalars
obeying the mass hierarchy

M1 ≤ M2 ≤ M3. (15)

The identification of h1 as the SM-like scalar fixes

M1 ! 125 GeV,

v ! 246 GeV. (16)

This leaves us with 7 independent parameters, which we
chose as

M2,M3, θhS, θhX , θSX , vS, vX . (17)

As this model contains three CP even neutral scalars, dou-
ble resonance enhanced production of h1 h1 h1 is possible
and can be realized according to

pp → h3 → h2 h1 → h1 h1 h1, (18)

where h1,2,3 are the physical scalar states of a model with an
extended scalar sector. Depending on the values that the free
parameters of Eq. (17) assume, different realisations of the
TRSM are possible, yielding a rich phenomenology at collid-
ers. Here we concentrate on the “Benchmark Plane 3” (BP3)
addressed in [20], which was carefully tailored to allow for
a large region in the (M2,M3) plane which obeys all current
theoretical and experimental constraints, while at the same
time allowing for a large h1h1h1 decay rate. BP3 is charac-
terised by the numerical values of the parameters shown in
Table 7.

The values of the cross sections in the plane [M2,M3] are
given in Fig. 40. It can be seen that the regions with maximal
values occur when h2 and h3 are produced on-shell.

Note that several regions in that plane are already ruled
out by current LHC data, as e.g. h2/3 → h1 h1 [227–230],
h3 → Z Z [231], as well as h3 → h1 h2 searches [232],

Table 7 The numerical values for the independent parameter values of
Eq. (17) that characterise BP3. The Higgs doublet VEV, v, is fixed to
246 GeV. The κi values correspond to the rescaling parameters of the
SM-like couplings for the respective scalars and are derived quantities

Parameter Value

M1 125.09 GeV

M2 [125, 500] GeV

M3 [255, 650] GeV

θhS −0.129

θhX 0.226

θSX −0.899

vS 140 GeV

vX 100 GeV

Fig. 40 The total leading-order gluon-fusion production cross sections
for the p p → h1 h1 h1 process at a 14 TeV LHC. No cuts have
been imposed. We also show the region excluded by constraints com-
ing from perturbative unitarity in the dark upper part and boundedness
from below in the gray wedge. In the allowed region, the leading-order
predictions reach cross-section values of up to ∼ 50 fb

see e.g. [233,234]. Concerned are regions for which M3 "
350 − 450 GeV or M2 " 140 GeV.

The results presented here have been presented in [35], to
which we refer the reader for more details on the model as
well as analysis setup. For reference, we here briefly list the
most important details.

An event is analysed if it contains at least 6 b-tagged jets
with a transverse momentum of at least pTmin,b = 25 GeV
and a pseudo-rapidity no greater than |ηb,max | = 2.5. These
initial cuts are further optimised for each of our signal sam-
ples, which are characterised by different combinations of
M2 and M3.

We then select the 6 b-tagged jets with the highest trans-
verse momentum and form pairs in different combinations,
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see e.g. [233,234]. Concerned are regions for which M3 "
350 − 450 GeV or M2 " 140 GeV.

The results presented here have been presented in [35], to
which we refer the reader for more details on the model as
well as analysis setup. For reference, we here briefly list the
most important details.

An event is analysed if it contains at least 6 b-tagged jets
with a transverse momentum of at least pTmin,b = 25 GeV
and a pseudo-rapidity no greater than |ηb,max | = 2.5. These
initial cuts are further optimised for each of our signal sam-
ples, which are characterised by different combinations of
M2 and M3.

We then select the 6 b-tagged jets with the highest trans-
verse momentum and form pairs in different combinations,
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The results presented here have been presented in [35], to
which we refer the reader for more details on the model as
well as analysis setup. For reference, we here briefly list the
most important details.

An event is analysed if it contains at least 6 b-tagged jets
with a transverse momentum of at least pTmin,b = 25 GeV
and a pseudo-rapidity no greater than |ηb,max | = 2.5. These
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ples, which are characterised by different combinations of
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verse momentum and form pairs in different combinations,
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✦ 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 

๏ After EWSB and mixing, results in three Higgs bosons  
h1, h2, h3, with M1 < M2 < M3; h1 being  
the SM Higgs boson


๏ The following production  
mechanism is possible:


✤ 

๏ Up to 2.5 orders of magnitude 

cross section amplification for 
relatives light h2,3

pp → h3 → h2h1 → h1h1h1

https://link.springer.com/content/pdf/10.1140/epjc/s10052-024-13376-3.pdf
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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, 
i.e., with LHC Run 2+3 data


✦ 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 

12
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Table 8 The resulting selection efficiencies, εSig. and εBkg., number
of events, S and B for the signal and background, respectively. A b-
tagging efficiency of 0.7 has been assumed. The number of signal and
background events are provided at an integrated luminosity of 300 fb!1.

Results for 3000 fb!1 are obtained via simple extrapolation. The sig-
nificance is given at both values of the integrated luminosity excluding
(including) systematic errors in the background. Table taken from [35]

Label (M2,M3) [GeV] εSig. S
∣∣
300fb!1 εBkg. B

∣∣
300fb!1 sig|300fb!1 (syst.) sig|3000fb!1 (syst.)

A (255, 504) 0.025 14.12 8.50 × 10!4 19.16 2.92 (2.63) 9.23 (5.07)

B (263, 455) 0.019 17.03 3.60 × 10!5 8.12 4.78 (4.50) 15.10 (10.14)

C (287, 502) 0.030 20.71 9.13 × 10!5 20.60 4.01 (3.56) 12.68 (6.67)

D (290, 454) 0.044 37.32 1.96 × 10!4 44.19 5.02 (4.03) 15.86 (6.25)

E (320, 503) 0.051 31.74 2.73 × 10!4 61.55 3.76 (2.87) 11.88 (4.18)

F (264, 504) 0.028 18.18 9.13 × 10!5 20.60 3.56 (3.18) 11.27 (5.98)

G (280, 455) 0.044 38.70 1.96 × 10!4 44.19 5.18 (4.16) 16.39 (6.45)

H (300, 475) 0.054 41.27 2.95 × 10!4 66.46 4.64 (3.47) 14.68 (4.94)

I (310, 500) 0.063 41.43 3.97 × 10!4 89.59 4.09 (2.88) 12.94 (3.87)

J (280, 500) 0.029 20.67 9.14 × 10!5 20.60 4.00 (3.56) 12.65 (6.66)

with the aim of first reconstructing individual SM-like Higgs
bosons, h1, and subsequently the two scalars h2 and h3. Thus,
we introduce two observables:

χ2,(4) =
∑

qr∈I

(
Mqr ! M1

)2
, (19)

χ2,(6) =
∑

qr∈J

(
Mqr ! M1

)2
, (20)

where we have defined the sets I = {i1i2, i3i4} and J =
{ j1 j2, j3 j4, j5 j6}, constructed from different pairings of 4
and 6 b-tagged jets, respectively. Moreover, Mqr denotes
the invariant mass of the respective pairing, qr . It should be
understood that each jet can appear only in a single arrange-
ment inside I and J . We select the combinations of b-tagged
jets entering in I and J based on the minimisation of the sum

χ2,(6) + χ2,(4). (21)

The optimisation of the analysis is based on the sequen-
tial application of cuts on the different observables including
pTmin,b, |ηb|, χ2,(6), χ2,(4), minv

6b , minv
4b . In addition we con-

sider observables affecting the pairings of b-jets which define
the combinations of six and four elements: (v) pT (hi1), (vi)
($mmin, med, max), (vii) $R(hi1, h

j
1), (viii) $Rbb(hi1). We

optimize for cuts on the different observables by construct-
ing a grid over each one of them and exploring sequentially
combinations of cuts which deliver the maximum rejection
of the background while maintaining the highest acceptance
for the signal. The specific values for the cuts depend on the
combination of masses for the physical scalars h2 and h3.

We show the results after these selection cuts in Table
8. Note that we show significances with and without taking
systematic uncertainties into account. For more details on the
actual selection process, we refer the reader to [35].

We also provide some distributions for the b-jets p⊥ and
pseudorapidity in Fig. 41. Events have been generated using
the TRSM model file available at [235], with leading order
event generation using Madgraph [236]. Distributions have
been obtained within the Madanalysis framework [237].

Another important question is whether the benchmark
points discussed above could already be tested by other
channels at the HL-LHC, e.g. via heavy resonance pro-
duction decaying into a pair of (vector)-bosons. For this,
we have extrapolated various analyses assessing the heavy
Higgs boson prospects of the HL-LHC in final states origi-
nating from hi → h1h1 [238,239], hi → Z Z [8,240] and
hi → W+W! [241,242], for i = 2, 3, and combined these
with extrapolations of results from 13 TeV where appropri-
ate. We display the results in Fig. 42.

In particular Z Z final states can probe nearly all of the
available parameter space. However, such searches do inves-
tigate different parts of the potential, and therefore can be
seen as complementary.

7.2 Other theory scenarios

T. Robens
We here briefly discuss other scenarios that lead to triple

scalar final states within the TRSM, as well as other new
physics scenarios that can lead to triple scalar final states.
TRSM benchmark planes follow the discussion in [20,52],
with more recent updates available in [233,234].

In addition to the benchmark plane discussed above, two
more scenarios can render interesting triple scalar final states.
The first one is BP1, where the heaviest scalar is associated
with the 125 GeV resonance at the LHC. For this parameter
plane, the input parameters are specified in Table 9.

123

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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Other Extensions
✦ The HHH resonance signature is also possible in 

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 → h1h1h1, 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

13
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Connections with Cosmology
✦ 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 

✦ For example, one could connect the enhanced  

HHH production in TRSM with the  
conditions needed for FO EWPT


✦ A scan within TRSM indicates the  
regions of the parameter space where  
the HHH cross section is enhanced by  
more than a factor of 100


✦ 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  
at the present time)

1/λ4

14

Figure 3: Scatter plot of the values of M2 and M3 for the 140 points with triple Higgs

boson production cross section over 100 times the SM value. The black solid line denotes

the region where double resonant production is kinematically viable, i.e. the boundary

M3 “ M2 ` M1.

we expect the kinematic distributions of the double-resonant process pp Ñ h3 Ñ h2h1 Ñ
h1h1h1 to only depend on the masses and widths of the scalar particles. The couplings ω123
and ω112, i.e. those involving h3 ´h2 ´h1 and h2 ´h1 ´h1, respectively, merely rescale the

rate for the process. This fact could be exploited in a phenomenological analysis, potentially

allowing for a model-independent extraction of constraints. We leave this prospect to future

work.

4 Thermal history of the TRSM

It is well-known that loop corrections from particles in the plasma at finite temperature

change the shape of the scalar field potential. As a result, the zero-temperature vacuum,

in which all three scalar fields have a vev in our model, is not the vacuum state in the early

universe. To end up in today’s vacuum, one or more PT(s) had to occur. These PT(s) can

be of di!erent types. In an FOPT the vev of one or several fields makes a discontinuous

jump, due to a barrier in the potential. Instead, when the fields move continuously from

the high-temperature phase to the zero-temperature phase, this is a second-order or cross-

over PT. The electroweak PT in the SM is a cross-over [15–17, 75–77], but in many BSM

models the transition can be of a first-order type, see e.g. [20] and references therein for

examples.

– 11 –

Karkout et al., JHEP 11 (2024) 077

https://link.springer.com/content/pdf/10.1007/JHEP11(2024)077.pdf
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Experimental Challenges
✦ 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

15
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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

16
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Figure 7: Performance of the 𝐿-jet trigger HLT selections in a simulated sample of 𝑀𝑀 → 𝐿𝐿𝑁𝑁 events: the trigger
e!ciency as a function of the true di-Higgs boson invariant mass, 𝑂𝐿𝐿 . The 2b2j𝑀𝑁𝑂𝑃 trigger selection compared
with a trigger selection based purely on HLT 𝑁-lepton identification is shown. To ensure e!ciencies are comparable
across trigger strategies, they are measured relative to events within the detector acceptance for the 𝑀𝑀 → 𝐿𝐿𝑁𝑁

analysis; these events must have two o"ine 𝑁-lepton candidates matched to true hadronically decaying 𝑁-leptons
and two o"ine jets matched to 𝐿-hadrons. The 𝑁-lepton based triggers shown follow the strategy used for the
Run 2 𝑀𝑀 → 𝐿𝐿𝑁𝑁 analysis [69] together with an additional di-𝑁-lepton trigger with lower 𝑃T thresholds for Run 3,
requiring at least one identified 𝑁-lepton in the HLT system with 𝑃T > 30 GeV and a second with 𝑃T > 20 GeV.
E!ciencies are calculated relative to a selection of two reconstructed 𝐿-jets (𝑃T > 20 GeV) and two reconstructed
𝑁-leptons (𝑃𝑄𝑅𝑁T > 25, 20 GeV) within the inner detector acceptance (|𝑄 | < 2.5).

7 O!ine and online 𝜴-jet trigger monitoring

As the trigger is the first step in the ATLAS event selection of LHC data, its behaviour must be understood
at the deepest level since any failure during data-taking is unrecoverable. The quality of 𝐿-jet triggered
data is continuously assessed, thanks to the trigger system monitoring infrastructure [70], which is part of
the ATLAS Data Quality Monitoring system [71]. For the trigger, this consists of two parts: the online and
the o"ine monitoring systems. The online monitoring system allows a real-time check of the quality of
collected events during the data-taking, and provides quick detection of processing failures or reconstruction
issues, ensuring that the ATLAS Trigger and Data Acquistion [4] operates properly and collects high

21

ATLAS, JINST 20 (2025) P03002
The CMS Collaboration Physics Reports 1115 (2025) 678–772

Fig. 60. Trigger efficiency for selecting signal HH events, plotted as a function of the reconstructed invariant mass of the two Higgs bosons, as
measured in simulated HH → 4b (left) and HH → 2b2! (right) samples corresponding to nominal Run 3 conditions.

For the HH → 4b events (left panel of Fig. 60), the 2023 HH trigger achieved an overall signal efficiency of 82%,
corresponding to an improvement of about 60% (20%) with respect to the Run 2 (2022) trigger. Since the 2022 and
2023 di-Higgs triggers are designed to record events with at least two b jets in the final state, they are also suitable
to record HH → 2b2! signal events (right panel of Fig. 60). For the given offline selection, the triggers requiring at
least two !h candidates [175] achieve a signal efficiency of 34%, while the HH parking trigger results in an efficiency
of 43%. By requiring events to satisfy either one of the two sets of triggers, the efficiency reaches 58%, demonstrating the
complementarity of both sets in selecting signal events.

6.2.3. The LLP parking
In 2023, new triggers were added to the parking stream to extend the physics reach in the search for exotic LLPs [176].

Particles with long lifetimes are often predicted in BSM theories and thus constitute interesting probes of new physics.
Most conventional searches at the LHC target promptly decaying particles, and there are still vast regions of parameter
space in the context of LLPs that remain unexplored. Thus, searches for new LLPs have a great potential for discovery.

The LLPs have distinct experimental signatures. They can decay far away from the pp interaction point, leaving
decay products that are displaced from the PV. Specific examples of LLP signatures include displaced and delayed
leptons [69,177–179], photons [180], and jets [181–185]; disappearing tracks [186,187]; and nonstandard tracks produced
by monopoles or heavy stable charged particles [188]. Conventional trigger paths, object reconstruction algorithms, and
background estimation strategies are usually inadequate for LLP searches because they are designed for promptly decaying
particles, and custom techniques are needed for the online selection of interesting events and the offline analysis of the
data.

The LLPs decaying to hadrons produce jets that contain tracks originating from a SV, spatially displaced from the PV
(displaced jets). In addition, since massive LLPs often have nonrelativistic velocities, the signal energy deposits in the
calorimeters are expected to arrive late in time compared to those of relativistic background particles produced at the
PV (delayed jets). In 2023, two sets of LLP triggers were added to the parking stream, targeting both displaced jet and
delayed jet signatures.

A suite of displaced dijet paths, already available in the standard Run 2 data stream [181], underwent major
improvements for the Run 3 data taking. The new displaced dijet paths in Run 3 require events passing two sets of
selection criteria: either HT > 430GeV plus two jets with zero prompt tracks, or HT > 240GeV plus a soft muon with
pT > 6GeV, plus two jets with zero prompt tracks and at least one displaced track. In all cases, the HT is computed from
calorimeter quantities. These new triggers used in Run 3 provide better efficiency in selecting low-mass LLPs, especially
those that undergo heavy-flavor decays. In addition to the displaced dijet paths in the prompt reconstruction stream,
several paths with lower HT thresholds (down to 360GeV) were added to the parking stream. The lower thresholds provide
an increase in signal acceptance of 40%–100% relative to prompt triggers for Higgs bosons that decay to long-lived scalars,
with masses between 20 and 50GeV and proper lifetimes cω = 1–1000mm.

In addition to the displaced-jet triggers, new HLT paths were added in Run 3 that make use of ECAL timing. Two
different types of delayed-jet triggers use the ECAL timing at the HLT: paths that are seeded by HT, and paths that are
seeded by L1 ! objects. Depending on the L1 seed, different requirements are placed at the HLT, e.g., one or two delayed
jets, number of matched tracks in each jet, and the timing delay. In addition, for both types of seeds, some paths were
added to the parking stream with a reduced timing delay. The latter increases the efficiency by a factor ranging from 30 to
800% for BSM delayed-jet signals, such as those produced by long-lived scalars that decay to four b jets or four ! leptons.

The combined trigger rate for the LLP parking triggers is 150 Hz with Linst = 2 ↑ 1034cm↓2 s↓1. The parked LLP triggers
in Run 3 will play a crucial role in extending the sensitivity reach of displaced-jet and delayed-jets searches.
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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
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Flavor Tagging
✦ Similar improvement in the area of flavor tagging, 

including double-b taggers made possible by advanced 
machine-learning techniques (GNNs, transformers)


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

17
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Fig. 20 Schematic diagram of the GN1 (GN2) tagger [198]

Fig. 21 Evolution of the
ATLAS flavour tagging
performance since 2017 [196]

ulated t t̄ sample containing small-R jets with pT > 30 GeV
and |η| < 2.5. For both algorithms, the b jet identification
efficiency is not the same in data and simulation. To account
for this difference data-to-simulation correction factors are
applied in simulated events.

Differences in the heavy-flavor tagging performance in
data and simulation are observed and must be calibrated
against. A recent development [202] introduces an adver-
sarial training to the model with the scope of reducing
any observed discrepancies between data and simulation

before any calibration is applied. This technique improves
the robustness of the model, meaning that the model has two
tasks to solve simultaneously: optimize classification and
hold out against mismodellings that can mimic systematic
uncertainties. This is done by applying adversarial attacks
(small systematic disturbances) on the input features. Adver-
sarial inputs are generated by the Fast Gradient Sign Method
(FSGM) [203,204], which modifies the input features (xraw)
in a systematic way in order to increase the loss function,

Fig. 22 The charm-jet (left)
and light-flavour jet (right)
rejection factors as a function of
the b-jet tagging efficiency for
jets in the t t sample with
pT > 20 GeV and
2.5 < |η| < 4. The uncertainty
bands correspond to the
statistical uncertainties
associated with the test
sample [197]
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Fig. 36 Left: light flavour jet misidentification rate as a function of
the efficiency of correctly identifying b jets for the b-taggers DeepCSV
(blue), DeepJet (red), and ParticleNet (purple). Solid lines represent
the performance for simulated HLT-level jets with pT > 30 GeV and
|η| < 2.5 matched to an offline reconstructed jet with pT > 25 GeV.

Dashed lines correspond to the offline tagging performance on the
matched offline jets. Right: online b jet identification efficiency at 1%
light flavour jet misidentification rate as a function of the HLT-level jet
pT [220]

as well as identifying signatures with b jets (small-R) in the
final state. Figure 36 shows the performance of ParticleNet
b-tagger [220] compared to DeepJet and DeepCSV CMS b-
taggers, for HLT-level jets with pT > 30 GeV and geometri-
cally matched to offline jets. The ParticleNet online b-tagger
shows a substantial improvement compared to the previous
online DeepJet and DeepCSV b-taggers and its performance
approaches that of the offline. Figure 36 right, compares the
three online b-taggers at a 1% light-flavour jet misidenti-
fication rate, showing that ParticleNet achieves up to 10%
improvement throughout the jet pT range.

Since the beginning of Run 3 data-taking period, the CMS
experiment has exploited the recent improvements in heavy
flavour tagging for online HLT-jets [220] and deployed online
a new trigger strategy [221] to record di-Higgs and tri-Higgs
production in events with b jets in the final state. In 2022,
the trigger targeting HH!4b production (mentioned below
as Run 3 2022 HH trigger) had a rate of around 60 Hz at an
instantaneous luminosity of 2×1034cm−2s−1 and required
at least four small-R HLT-jets with pT > 70, 50, 40, and
35 GeV for the four leading-in-pT jets and the average score
of the two jets with the highest b-tagging score tagged with
the ParticleNet online b-tagger to be above 0.65. In 2023,
the an updated version of the HH!4b trigger was deployed
in the delayed stream, allowing a higher rate and acceptance
at the cost of a delayed event reconstruction. This new trig-
ger (mentioned below as Run 3 2023 HH trigger) recorded
events at a maximum rate of 180 Hz at 2×1034cm−2s−1 and
required events to have at least 4 HLT-jets with pT > 30 GeV,
the scalar sum of pT of all HLT-jets with pT above 30 GeV

(HT) to be above 280 GeV, and the average score of the two
leading-in-b-tagging score jets to be at least 0.55. The L1
trigger requirement was also relaxed to allow events with HT
above 280 GeV instead of the 2022 threshold of 360 GeV.
Figure 37 shows the trigger efficiency as a function of the
reconstructed invariant mass of the di-Higgs (mReco

HH ) candi-
date in simulated SM HH!4b events with κλ = 1 (left) and
κλ = 5 (right). The trigger efficiency is defined as:

ε = Nevents(pass trigger and event selection)
Nevents(pass event selection)

, (10)

where event selection corresponds to the requirement of at
least 4 small-R jets with pT > 30 GeV and |η| < 2.5. The di-
Higgs candidate is reconstructed from the four small-R jets
with the highest b-tagging score. The performance of the Run
3 2022 (2023) HH trigger is shown with blue (orange). For
comparison, the Run 2 HH trigger [222,223] is also shown
with the black line. The aforementioned trigger, which oper-
ated at around 8 Hz at 2×1034cm−2s−1, required an event
HT > 340 GeV and at least four small-R jets with pT >

75, 60, 45, and 40 GeV, where at least three of those jets
were tagged online with the DeepCSV online b-tagger with a
working point of 0.24. The overall trigger efficiency achieved
by the 2023 trigger strategy for the HH!4b process with
κλ =1 (κλ =5) reaches 82% (64%), improved by 20% (30%)
with respect to the 2022 trigger strategy and by 57% (78%)
with respect to the 2018 one. The Run 3 2023 HH trigger
results in higher efficiency on the full mReco

HH spectrum.
The novel Run 3 2023 HH trigger is also used to recover

HH!2b2τhad-like events that are not recorded by triggers

123

CMS DP-2023-021

ATLAS FTAG-2023-01

https://cds.cern.ch/record/2857440/files/DP2023_021.pdf
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Boost or Bust!
✦ Generally the combinatorics of arranging 6b jet into 3 Higgs 

candidates is large:  combinations

✦ However, the Higgs bosons are produced with a quite large pT 

(~200 GeV for the leading one!), so jet merging is often observed

✦ With one merged jet, the combinatorics becomes , 

and with two or more  merged jets, the combinatorics is 1!

C2
6C4

2C2
2 /3! = 15

C4
2C2

2 /2! = 3
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Table 4 Leading branching fraction of the HHH system decay modes

HHH ! 3(bb̄) B3
1 19.3%

HHH ! 2(bb̄)τ+τ− 3B2
1B4 6.24%

HHH ! 2(bb̄)τhτh 3B2
1B4B(τh)

2 2.62%

HHH ! 2(bb̄)W+W− 3B2
1B2 21.8%

HHH ! 2(bb̄)WhWh 3B2
1B2B(Wh)

2 9.93%

HHH ! 2(bb̄)WhW" 6B2
1B2B(Wh)B(W") 6.36%

HHH ! 2(bb̄)gg 3B2
1B4 8.19%

HHH ! bb̄W+W−τ+τ− 3!B1B2B4 4.7%

HHH ! bb̄WhWhτhτh 3!B1B2B4B(Wh)
2B(τh)

2 0.898%

HHH ! bb̄ggτ+τ− 3!B1B3B4 1.77%

HHH ! bb̄ggτhτh 3!B1B3B4B(τh)
2 0.741%

HHH ! 2(bb̄)Z Z 3B2
1B5 2.69%

HHH ! 2(bb̄)ZhZh 3B2
1B5B(Zh)

2 1.31%

HHH ! bb̄gggg 3B1B2
3 1.16%

HHH ! bb̄2(τ+τ−) 3B1B2
4 0.673%

HHH ! 2(bb̄)γ γ 3B2
1B6 0.228%

full 3 ab−1 data set, for practical purposes, we will ignore
such channels for now.

Table 4 lists leading branching fractions of various exper-
imentally feasible HHH decays. We will use the following
branching fractions for the dominant decays of the τ leptons,
and W and Z bosons: B(τh) = B(τ ! hadrons)= 64.8%,
B(Wh) = B(W ! qq̄ ′) = 67.4%, B(W") = B(W !
e+e− + µ+µ−) = 21.6%, and B(Zh) = B(Z ! qq̄) =
69.9%.

It is quite obvious from this table that the decay modes with
two photons, two Z bosons, or four τ leptons are hopeless
with the currently available data. It is further clear that one
should instead focus on the all-hadronic channels, as those are
the only ones that have sufficiently high branching fraction.
The only exception is the HHH ! 2(bb̄)WhW" channel
that has a branching fraction of 6.36%, but unfortunately
this channel does not have a mass peak in the invariant mass
distribution of the visible part of the W+W− system decay,
so it would be quite challenging (but perhaps worth a second
look!). Focusing only on the all-hadronic channels, one can
see that it is completely dominated by the 4b+ jets decays,
which comprise 40% of all HHH decays. This is a great
news, as we recover 40% of possible decays in the channel
that has been experimentally proven to be feasible through
the pp ! HH ! bbb̄b̄ searches. Requiring at least two
extra jets (and further splitting into categories with extra jets
beingb- or τh-tagged) is certainly a less challenging signature
with lower backgrounds than the inclusive bbb̄b̄ channel, so
one could use the background suppression and evaluation
techniques developed in the H(bb̄)H(bb̄) analyses to search
for triple Higgs boson production with high efficiency and
acceptance.

Thus, the all-hadronic bbb̄b̄+ jets channels is most
promising to establish first limits on the HHH production
with Run 2 and Run 3 data.

4.2.1 Boost or bust!

We now focus on the HHH ! 3(bb̄) channel, which com-
prises about half of the inclusive bbb̄b̄+ jets branching frac-
tion. In this case, the combinatorics related to pairing of
6 b-tagged jets to match the three Higgs boson candidates
becomes quite tedious. The number of possible pairings of 6
b-tagged jets is equal to C2

6C
2
4C

2
2/3! = 15 × 6 × 1/6 = 15

combinations, making it hard to reconstruct individual Higgs
bosons reliably.

This is where the jet merging comes to rescue! It turns
out that the Higgs bosons in the HHH production are pro-
duced with quite significant transverse momentum pT, as
shown in Fig. 10. The distributions for the two leading Higgs
boson peak well above 100 GeV, and even for the trailing
Higgs boson the median is about 100 GeV. (This is not sur-
prising, as the signal diagrams with trilinear coupling are
t-channel-like with either the Higgs boson or the top quark
as a t-channel propagator, so the characteristic pT of the
leading Higgs boson or the recoiling di-Higgs system on the
other side is of order of the mass of the propagator, i.e.,
∼ 150 GeV.) This implies that it is very likely that at least
one of the Higgs bosons within the HHH system has a sig-
nificant Lorentz boost, resulting in its decay products (a b
quark-antiquark pair) to be reconstructed as a single, merged
jet, J . Indeed, on average, the opening angle between the two
decay products of a Lorentz-boosted resonance is given by
θ = 2/γ , where γ is the Lorentz boost. For a Higgs boson
with a pHT = 250 GeV, the γ factor is 2, so the opening
angle is 1 radian. This is similar to a radius parameter of the
jet reconstruction used for merged jet analyses (between 0.8
and 1.5).

Fig. 10 Transverse momentum pHT spectrum of the Higgs bosons in
SM triple Higgs boson production
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Fig. 11 Schematics of the reconstruction of the HHH ! 3(bb̄) sys-
tem with (upper left to lower right) 0, 1, 2, and 3 Higgs boson decaying
into a merged jet topology

In the last decade or so, a number of powerful techniques
to distinguish such merged jets with a distinct two-prong
substructure from regular QCD jets have been developed,
which allow for an effective reduction of backgrounds in a
boosted topology. (Indeed, the boosted topology is shown to
be the most sensitive in the HH ! bbb̄b̄ searches [4].) In
addition to a powerful background suppression, the boosted
topology in the HHH case carries additional benefits: if
just one of the Higgs bosons decays into a merged jet, the
number of possible jet permutations decreases from 15 to
C2

4C
2
2/2! = 6 × 1/2 = 3, and if at least two Higgs bosons

are reconstructed as merged jets, there is only one possible
permutation, as illustrated in Fig. 11 (as long as we do not
distinguish the individual Higgs bosons)!

The situation becomes even more advantageous for the
beyond-the-SM scenarios where the HHH system is pro-
duced via resonance decays. For example, in a two real sin-
glet extension of the SM [50], the following process results
in a triple Higgs boson production: pp ! h3 ! h2h1 !
h1h1h1, where h1 is the SM Higgs boson (h1 = H ) and h2,3
are the extra scalars. For a typical benchmark with the h3
mass of 500 GeV and h2 mass of 300 GeV, the pp ! HHH
production cross section is enhanced by 2.5 orders of mag-
nitude to ∼ 40 fb, while the relatively high mass of h3 guar-
antees a large Lorentz boost of the produced Higgs bosons!

As a side remark, generally this and related extensions
of the SM should result in resonant production of HHH ,
V HH , and VV H systems, with V = W or Z boson. At the
LHC, the program of searches for triple-boson resonances
is still in its infancy, so it would be very advantageous to
mount a broad search for resonant decays into V HH and

V HH topologies, in addition to the HHH studies, which
are the focus of this paper.

Requiring one or two of the Higgs bosons to be recon-
structed as merged jets with two-prong b jet substructure
by employing a large-radius jet algorithm with the radius
parameter of about 1.0 offers a powerful way to deal with
combinatorics in the HHH ! 3(bb̄) decays.

4.3 HHH estimated sensitivities at the LHC

The current consensus in the ATLAS and CMS collabora-
tions is that a measurement of the quartic coupling is out of
reach. As a consequence, there is currently no estimate of the
sensitivity to the triple Higgs production at the LHC. How-
ever, from various studies performed by theorists for future
colliders, one can estimate the sensitivity range for HHH .
The predictions at future colliders assume a center of mass
energy of

√
s = 100 TeV and each prediction focuses on

a specific decay mode such as HHH ! bb̄bb̄bb̄ [142],
HHH ! bb̄bb̄γ γ [143] and HHH ! bb̄bb̄τ+τ− [144].
A basic event selection is applied, usually similar to the ones
used in experimental measurements.

In order to obtain an estimated result at the LHC, the
significance is scaled with respect to the luminosity ratio
and the difference in the predictions of the cross-sections.
The difference in the cross-section of the signal is a fac-
tor σ (HHH)13TeV/σ (HHH)100TeV = 1/60 [145]. As the
background processes for these different modes can vary,
two scenarios are investigated: an optimistic scaling using
the same reduction as the signal (1/60) and a pessimistic
scaling assuming a reduction factor of 1/10 for the back-
ground processes only, which corresponds to the ratio of
cross-sections for the QCD multi-jet production with 6 b-
quarks in the final state. This assumption is not optimal for
the HHH ! bb̄bb̄γ γ and HHH ! bb̄bb̄τ+τ− decay
modes but it captures the general trend that the background
production should be lower at

√
s = 13 TeV.

A sensitivity estimate at the LHC is presented in the
Table 5 for the main decay modes as well as a potential com-
bination. The combination leads to a sensitivity of 60–150
times the SM prediction. In order to obtain this result, several
challenges will have to be resolved. In particular the choice
of the trigger, the control and reduction of the background
processes as well as the estimation of the systematic uncer-
tainties will need to be studied in details.

While the result of the combination indicates that the evi-
dence for the HHH production might be achieved at a future
collider, this result can be improved with more sophisticated
analyses techniques than the simple selections applied in the
theory studies. These measurements could strongly benefit
continuous improvement in b-jets and τ -leptons identifica-
tion as well as analyses design relying on modern machine
learning developments. The projections assuming a scaling
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Machine Learning
✦ 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 SPAНet [Shmakov et al. Sci. Post. Phys. 
12 (2022) 178]


✦ The input features include all AK5 jets and all AK8 jets, which are then matched to three 
Higgs boson candidates, either in the resolved or merged (low combinatorics!) regimes

19

The transformer encoders employ multi-head self-attention [49] with one significant modi-

fication: the positional embeddings are combined with position-independent physics object

embeddings which preserve permutation invariance in the input.

E

E

E

E

E

Transform
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Transform
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Transform
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Resolved H2 
Encoder

Boosted H2 
Encoder
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Resolved H1 
Encoder

Boosted H1 
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H1

AK8 Jet Embedding

Figure 6: Diagram of the SPA-Net architecture used in this work for HHH events. Both

large-radius (AK8) and small-radius (AK5) jets are input to the model with separate Higgs

boson targets. The resolved Higgs boson targets consist of pairs of AK5 jets, while the

boosted Higgs boson targets consist of single AK8 jets.

While the original SPA-Net studies concentrated on examples where all physics objects

were of the same type (e.g., small-radius jets), it was updated in Ref. [29] to allow for the

consideration of di!erent types of physics objects, specifically leptons. In this application,

we leverage this improvement with the novelty of considering both small-radius and large-

radius jets, which may both be associated to the same truth-particle.

We accommodate these additional inputs by training individual position-independent

embeddings for each class of input. This allows the network to adjust to the various

distributions for each input type, and allows us to define sets of features specific to each

type of object. The individual embedding layers map these disparate objects with di!erent

features into a unified latent space, which may be processed by the central transformer.

The encoded event vector after the central transformer is a latent summary representation

of the entire event.

Depending on its transverse momentum, a Higgs boson can be reconstructed in a

resolved topology, meaning two AK5 jets, or a boosted topology, meaning a single AK8 jet.

Moreover, these two possibilities are not mutually exclusive in that a single Higgs boson

may be reconstructible in both ways. Motivated by the two di!erent topologies, we replaced

the particle transformer branches in the original SPA-Net [27, 28] by target transformer

– 8 –
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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


✦ Outperforms the baseline model based on the minimizing the mass 
differences between three candidates by a factor of 2!

20

Figure 10: Confusion matrix for the full events in the testing fraction of the HHH mH =

125GeV dataset. The true label indicates the number of boosted and resolved-only targets

in each event, while the predicted label corresponds to the number of boosted and resolved

Higgs boson candidates identified after postprocessing. Most true categories maximized

along the diagonal, indicating strong event topology classification performance.

each event, the true category is determined by counting the number of boosted targets

and the number of resolved targets that do not correspond to any boosted target. The

predicted category is obtained by counting the number of boosted candidates and resolved

candidates after applying the postprocessing procedure described in Section 4. The matrix

is normalized over the true category (rows).

Most true categories are predicted correctly, indicating the strong event topology clas-

sification performance of SPA-Net and our postprocessing method. An exception is the

3bh0rh category, which is underrepresented in the dataset (0.1%), leading to reduced pre-

diction accuracy.

5.2.1 Mass Sculpting

As specified at the end of Section 2, the training dataset of the boosted+resolved SPA-Net

includes Higgs bosons simulated at mass points di!erent than 125GeV. We ran inference

of the boosted+resolved SPA-Net model on the QCD test dataset introduced in Section 2.

Figure 11 shows the mass distribution of the Higgs boson candidates predicted by the

boosted+resolved SPA-Net model is smoother and does not peak at 125GeV compared

to that of the ω
2+BDT baseline, indicating the boosted+resolved SPA-Net model distorts

the mass distribution less than the baseline.

5.3 HH Resolved and Boosted+Resolved Trainings

As HH → 4b events are more likely to be detected at the LHC, we trained one SPA-Net

using HH resolved targets and another using both HH boosted and resolved boosted targets.

We then evaluate their Higgs boson reconstruction purity and e”ciency. The corresponding

Higgs boson reconstruction results are shown in Figs. 12 and 13, respectively.

– 15 –

Figure 11: The boosted+resolved SPA-Net model, trained with the calculated weights,

outperforms the ω2+BDT baseline in reducing the correlation between the jet assignments

and the reconstructed Higgs boson candidate mass.

Figure 12: Our resolved SPA-Net trained on HH targets consistently outperforms the

ω
2 baseline across both evaluation metrics. The axis definitions are the same as those in

Fig. 8.
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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(h1) - 120 GeV| + |M(h2) - 115 GeV| + |M(h3) - 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

21
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ATLAS Search (cont'd)
✦ Three models tested: nonresonant production, 

TRSM production, and generic heavy-resonance 
production of X and S scalars (heavier than within 
TRSM) with the  decay


✦ Nonresonant case limits are shown on the left - the 
first limits on 𝜿4 ever set


✦ Resonant limits result in 95% cross section limits in 
the 50-200 fb range for the TRSM and in the 5-10 
fb range for most of the heavy resonance scenario

pp → X → Sh → hhh

22

ðmX;mSÞ plane inFigs. 7(a) and7(b), respectively. ThemS >
250 GeV region forms the resonant search,where resDNN is
used in the fit, whereas the mS < 250 GeV region is part of
the nonresonant search, where nonresDNN is used in the fit.
The expected (observed) cross section upper limit varieswith
mX andmS, within the range of 46–350 fb (48–310 fb). The
limits are evaluated at the simulated ðmX;mSÞ points, as
described in Sec. III. For all results in the analysis, a cubic
Bézier polynomial is used to interpolate across the plane.

The cross section upper limits for the heavy-resonance
search are shown in Fig. 8 in the ðmX;mSÞ plane. Expected
(observed) limits for the narrow heavy-resonance signals
are presented in Fig. 8(a) [Fig. 8(c)], and range between 4.7
and 69 fb (5.7 and 38 fb). Expected (observed) limits for the
wide heavy-resonance signals are presented in Fig. 8(b)
[Fig. 8(d)], and range between 5.2 and 53 fb (6.3 and 39 fb).
Simultaneous limits on the coupling modifiers κ3 and κ4

are shown in Fig. 9. The gray dashed line shows the region

(a) (b)

(c)

FIG. 6. Distributions of scores for (a) nonresDNN, (b) resDNN, and (c) heavyresDNN in 6b data and the background prediction after
background-only fits to the observed data. The boundary between the low- and high-score regions is shown by a dashed vertical line.
Benchmark signal models (normalized to the background) are overlaid in each case: (a) SMHHH signal and nonresonant TRSM signal
with ðmX;mSÞ ¼ ð400; 200Þ GeV, (b) resonant TRSM signal with ðmX;mSÞ ¼ ð500; 350Þ GeV overlaid, and (c) narrow- and large-
width heavy resonances with ðmX;mSÞ ¼ ð900; 325Þ GeV overlaid. The lower panel in each plot shows the ratio of the data and the
post-fit background (Pred) in markers, with the uncertainty on the prediction shown as a hatched band centered on unity.
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where perturbative unitarity holds (provided that κ3 and κ4
are the only modifications to the SM), as calculated in
Ref. [70]. At the 95% CL, none of the phase space inside
the unitarity bounds is excluded. Outside the unitarity
bounds, the kappa framework requires additional modifi-
cation to preserve unitarity, and as such it is not recom-
mended to interpret this result as excluding any relevant
phase space in the kappa framework. Rather, the scan of κ3
and κ4 serves as a benchmark of performance for future
searches and projections, as well as other new-physics
models, which may produce similar phenomenology.
The observed (expected) 95% CL upper limit on the

signal strength for SMHHH production, μ ¼ σHHH=σSMHHH,
is 760 (750), corresponding to an observed cross section
upper limit of 59 fb (59 fb). Assuming κ4 ¼ 1, then κ3 is
restricted to be between−11 and 17 at the 95%CL (both for
expected and observed limits). For comparison, a combi-
nation of previous di-Higgs searches and single Higgs
production constraints limited κ3 to be between −0.4 and
6.3 at 95% CL [7]. Assuming κ3 ¼ 1, then κ4 is restricted to
be between −230 and 240 at the 95% CL (both for expected
and observed limits).

X. CONCLUSION

This paper presented a search for triple Higgs production
in the bb̄bb̄bb̄ final state. The search used 126 fb−1 of pp
collision data at

ffiffiffi
s

p
¼ 13 TeV collected with the ATLAS

detector at the LHC. The data were interpreted using three
different DNNs, which were each optimized to search for
nonresonant, resonant, and heavy-resonant (outside the
perturbative unitarity bounds of the TRSM) signals with
additional scalars. The nonresonant interpretation included a

search for SM-like signals with coupling modifiers on
the trilinear and quartic Higgs self-couplings κ3 and κ4.
The SM background was modeled using a data-driven
extrapolationmethod, derived from the observedDNN score
spectra in events with four or five b-jets to estimate the back-
ground shape in events with at least six b-jets. The sensitivity
of the searchwas impactedmainly by the statistical precision
and the uncertainty in the data-driven extrapolation method.
No significant excess above the SM expectation was

observed in the search for SM HHH production, nor was
any significant excess observed in the search for various
BSM signals with two additional heavy scalars, X and S. A
95% CL upper limit of 59 fb was set on the cross section for
SM HHH production. The BSM searches included non-
resonant production, where mS < 250 GeV, and resonant
production up to ðmX;mSÞ ¼ ð1500; 1000Þ GeV.
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CMS Search in 4b2ɣ Channel
✦ CMS pursued a low branching fraction and low-background 4b2ɣ search in addition to the 

6b one

✦ 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(ɣɣ) 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  

QCD and ɣɣ+jets, and one for resonant backgrounds from h+X

23
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to the signal dominated region by construction. To transform the events from the LSR into the
preselected region, photon IDs that do not meet the above threshold are replaced with high
values. This new high photon ID score is sampled from the probability density function (pdf)
of that of the fake photons derived from the simulation. The weights for the morphed events
are set to match the pdf of the larger photon ID score from the LSR. Further, the normalization
of this morphed data and the gg + jets contributions are determined in a fit of the photon ID
score distributions to data in the mgg sidebands. The tt contributions are estimated from simu-
lations. Figure 3 shows the mgg distribution in the preselected region after the LSR morphing,
indicating a data-simulation closure within 10-15%.

Figure 3: Distribution of the reconstructed diphoton invariant mass in data (black points) and
the predicted backgrounds (colored histograms) after event morphing. The vertical bars on
the data points represent the statistical uncertainties associated with the data. The lower panel
shows the ratio of data to the sum of background predictions. The light blue band in the lower
panel represents the statistical uncertainty in the background predictions.

6 Event categorization
The non-resonant backgrounds are further reduced by employing a multivariate discriminant,
BDTnonres which is trained with the XGBoost [34] package, to discriminate the signal from the
backgrounds due to gg + jets,g + jets,tt + gg, tt + g, tt + jets and QCD multijet processes. The
important input variables used are the DEEPJET b jet identification score of the four selected
jets, multiplicity of the preselect jets in the event, missing transverse momentum (calculated
as the transverse component of the negative sum of momenta of all reconstructed particles) as
well as various kinematic observables of the photons and the b jets.

The resonant backgrounds, consisting of H and HH production with at least one H ! gg de-
cay, contribute to the signal region of 115 GeV <mgg <135 GeV, with almost four orders of
magnitude higher rate than the HHH signal. The most dominant one is from ttH, with around
88% of the resonant contributions in the signal enriched region, as estimated from the simu-
lation. The contributions from ggH has been considered and found to be small. Collectively,
the contribution of the HH processes is estimated to be about 50 times the signal expectation

6. Event categorization 7

and is dominated by the ttHH process. To suppress the ttH background, a second BDT (named
BDTres) is employed which is again trained using the XGBoost [34] package, using events pass-
ing a BDTnonres threshold of 0.9. The variables used in BDTres include the DEEPJET scores of the
four jets, the ID score for the leading photon, kinematic variables related to the photons and
jets, missing transverse momentum, multiplicity of preselected jets and relative energy resolu-
tion of leading photon. It also uses two variables which are sensitive to the presence of a top
quark or a W boson in the event. The lead jet in the leading H ! bb candidate is selected
and is paired with a dijet (W candidate) to form a top quark candidate in the event. The dijet
system is formed by minimizing the variable c= c1 + c2, where c1 = ((mw � MW)/MW)2 and
c2 = ((mt � MT)/MT)

2 with the masses for the top quark as MT = 172.76 GeV, and the W
boson as MW = 80.37 GeV. Here, mw and mt are the masses for the reconstructed W boson and
top quark candidate in the event. These variables, c1 and c2, are also used as inputs to the
BDTres.

The distribution of BDTnonres score in data compared with that from the non-resonant back-
grounds is displayed in Fig. 4, left, and that of BDTres is presented on the right. A good agree-
ment of data with simulation is seen after including the morphed samples. The potential con-
tribution of HHH signal has been indicated after very high magnification for the purpose of
illustration.

Figure 4: Distribution of the BDTnonres (left) and BDTres (right) scores in data (black points)
and predicted signal and backgrounds (colored histograms) after event morphing. The verti-
cal error bars on the data points represent the statistical uncertainties in data. The violet line
represents the expected distribution of signal HHH events, scaled by a factor of 106. The lower
panel shows the ratio of data to the sum of background predictions. The light blue band in the
lower panel represents the statistical uncertainty in the background predictions. The imperfect
description of the data by the simulation is not a concern in this context, as the scores from
simulation are used solely for optimizing selections. The final background model for the non-
resonant component is derived directly from the data. A highly magnified distribution due to
the HH signal has been superposed for illustration.

In order to increase the sensitivity of the search, the data-sample is split into event categories
that are enriched in signal events. The categories are defined in terms of boundaries in BDTnonres

Before 
BDT

CMS PAS HIG-24-015

https://cds.cern.ch/record/2937680/files/HIG-24-015-pas.pdf
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CMS 4b2ɣ Search (cont'd)
✦ The final selection is based on two BDT scores in 

5 signal categories shown on the right

✦ A slight excess is observed resulting in a bit looser 

observed limits compared to the expected ones 

24
8

and BDTres values. For the optimization of categories the signal significance, calculated as ap-

proximate median significance [35, 36], is maximized after requiring at least ten events in the side-
band region in each category. The optimization procedure led to an optimal number of five
categories, CAT0 to CAT4. A schematic representation of the two-dimensional categorization
based on BDTnonres and BDTres is shown in Fig. 5.

Figure 5: Schematic representation of the analysis category definition in the two-dimensional
plane of BDTnonres and BDTres.

7 Modeling of signal and background shapes
The distribution of mgg in each category has been studied individually. The signal peak is de-
scribed as a sum of n Gaussians, with n determined using a Fisher test, and is modeled from
simulation. The background contribution in the signal region is estimated using an optimal
analytical function. The bias introduced by the choice is taken into account via a discrete nui-
sance parameter. The observed bias in the measurement of signal strength with the background
model is estimated and is propagated as systematic uncertainty. Figure 6 (right) shows the sig-
nal, background model and mgg distribution from data with all the categories combined. The
parametric shapes of the signal, resonant and non-resonant backgrounds have been superim-
posed with one and two standard deviations uncertainty bands on the expected distribution.

8 Systematic uncertainties
Systematic uncertainties that can affect the signal as well as background rates are incorpo-
rated to the final extraction of results. The uncertainties that can affect the mgg distribution
are built into the model as parametric nuisance parameters. Uncertainties that impact selec-
tions and categorizations, that change the shape and normalization of the mgg distribution are
modeled by evaluating the full set of selections corresponding to variations by one standard
deviation. The precision of the analysis is dominated by statistical uncertainties, however, there
are several sources of systematic uncertainties which have been taken into account to extract
the parameters of interest. Since the signal as well as the resonant backgrounds are modelled
by simulation, the same nuisances affect their estimation.

The jet energy scale and smearing uncertainties affect the event yields in different categories

9. Results 9
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Figure 6: Left: Parameterized signal shape for mgg. The open squares represent the simulated
events and the blue lines are corresponding models. The corresponding interval as a gray band
shows the seff value (half the width of the narrowest interval containing 68.3% of the invariant
mass distribution). Right: Invariant mass distribution of mgg for the selected events in data
(black points) from all analysis categories. The solid red lines demonstrates the fitted signal
plus background model and the blue dotted line shows the background component. The lower
panel shows the residual post fit signal yield after the background subtraction from data.

of the analysis. The impact is evaluated by varying the jet energy corrections within their
uncertainties and propagating the effect through the analysis to the event counts in the final
likelihood. The uncertainty arising from the choice of background parametrization is handled
using the discrete profiling method. The effect due to the choice of a specific parton density
function in the event generation is assessed by estimating the relative yield variation in each
process and category after re-weighting the simulated events. The uncertainties due to the
QCD factorization (µ f ) and renormalization (µr) scales are also added by the envelope of the
seven point systematics varying µ f and µr.

The b jet identification scale factors are derived in bins of pT,h and flavor of the jet using the
iterative method [37]. The scale factor for an event is defined as the product of the scale factor
for the jets included in the selection. The uncertainty in these scale factors affect the overall
normalization. The uncertainty in the measured integrated luminosity is about 1% in each
year [13, 38, 39] and has been taken into account. The uncertainties in the pileup modeling
is also added. The trigger efficiency is measured using the tag-and-probe technique on Z!ee
events, separately for data and MC and the ratio is used as the scale factors to correct for the
difference in the calibrations. The uncertainty in the trigger scale factors is 1-2 % for each
photon. The uncertainty in the shower-shape and the isolation corrections affect the photon-ID
MVA. The scale and resolution of the photon energy is corrected as a function of time in the
collected data. The uncertainties associated with this are also added to the signal model.

9 Results
The upper limit on the signal strength µ, defined as the observed or expected number of events
normalised by the number of events predicted by the SM, has been evaluated through a binned
maximum likelihood fit in the mgg distribution incorporating all systematic uncertainties re-
ported in Section 8. The sensitivity of the analyss is estimated by using the Combine tool [40].

12

Figure 9: Likelihood contours at 95% CL in the (kl3, kl4) plane evaluated with an Asimov
data set assuming SM hypothesis (in orange line) and the observed data (in blue line). The
green shaded region shows the allowed bounds on kl3 from the H+HH combination measure-
ments [9].

is standard model like. The trilinear self-coupling modifier kl3 is observed (expected) to be
constrained within a range of [-16.1,20.2] ([-13.8,18.0]) at 95% CL. The quartic self-coupling
modifier kl4 is observed (expected) to be constrained within a range of [-533,541] ( [-397,406] )
at 95% CL. The simultaneous constraints on the kl3 and kl4 has also been presented from the
two-dimensional likelihood scan.
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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

25

Events after pre-selection: 
>= 4 jets 
Trigger 
HT > 450 GeV

Classification

ProbHH4b

ProbHHH6b

ProbTT

ProbQCD

Categorization

Prob3bh0h Prob2bh1h Prob1bh2h Prob0bh3h

Prob2bh0h Prob1bh1h Prob0bh2h

Prob1bh0h Prob0bh1h

Prob0bh0h

Legend: Signal region Control region Validation region
Maximum probability
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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

25

7. Results 7

The analysis is primarily limited by statistical uncertainties. The dominant contribution arises272

from the data-driven background model, including its shape uncertainty and the per-bin sta-273

tistical variance. Theory uncertainties in the signal and experimental uncertainties from jet274

reconstruction and flavor identification are subdominant.275

7 Results276

Results are obtained from a simultaneous template fit to the ProbMultiH distribution across277

ten event categories. Two interpretations are presented: an upper limit on the SM-like HHH278

production rate and constraints in the (k3, k4) parameter space, assuming the SM top Yukawa279

coupling.280

The categories are defined based on the output of the event topology categorization as well281

as events selected with a maximal probability of being ProbHHH. Seven signal regions are282

constructed for events with either three or two reconstructed Higgs bosons. The 3H regions283

are labeled as 3bh0h, 2bh1h, 1bh2h, and 0bh3h, while the 2H regions are 2bh0h, 1bh1h, and284

0bh2h. Three additional control regions correspond to events with 1bh0h and 0bh1h and 0bh0h285

reconstructed Higgs bosons. The fit is performed on the full Run 2 dataset merged across the286

different eras of data taking. The post-fit distributions for all signal and control regions are287

shown in Figure 1.288
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Figure 1: Post-fit yields in the signal-region categories with three reconstructed Higgs bosons
(left) and two (right). Bins correspond to ten bins per category intervals of the SPANET score
ProbMultiH in the high-score range 0.81.0, ordered by increasing score. The HH contribution
and the data-driven background are stacked.

The contribution from the HH process is suppressed by requiring events to have a maximal289

probability in ProbHHH, effectively vetoing those for which ProbHH is dominant. In the signal290

region, the expected HH yield remains about an order of magnitude larger than that of the291

HHH process across all categories. Single Higgs boson production modes such as tt̄H and VH292

are neglected in the signal extraction, as they are effectively included within the data-driven293
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HHH Signal Strength Limits
✦ μ limits: 588 (572 exp.)  

@95% CL

26
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Median expected 95% expected   
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8

background estimate and exhibit only weak dependence on k3 and k4 [97, 98]. Similarly, con-294

tributions from tt̄HH, VHH, and other subdominant SM processes are omitted in the limit295

extraction, as their impact is negligible compared to the dominant QCD background compo-296

nent.297

Upper limits on the HHH signal strength are extracted under the assumption that the HH con-298

tribution is fixed to its SM expectation. Figure 2 shows the resulting limits across event topolo-299

gies with three or two reconstructed Higgs bosons. In both cases, the fully resolved categories300

provide the highest sensitivity. Partially-resolved, partially-boosted and boosted topologies301

enhance the overall sensitivity by up to 20% relative to the resolved categories alone. Figure 2302

compares the limits obtained using only the 3H or 2H regions with the full combination. While303

the 3H region alone yields the strongest constraint among individual groups, the combination304

of all categories improves sensitivity by approximately 10%. The observed (expected) upper305

limit on the signal strength of the HHH ! bbbbbb process is 588 (572) times the SM prediction306

at 95% CL, which corresponds to an upper limit on the cross-section of 44 fb.307

0 500 1000 1500 2000 2500 3000 3500 4000

Theory
σ HHH) / →(pp σ95% CL limit on 

2 identified H
Exp. 1069
Obs.: 1279

3 identified H
Exp.: 675 
Obs.: 640

Combined.
Exp.: 572 
Obs.: 588

Observed         68% expected   

Median expected 95% expected   

CMS Preliminary

 6b→HHH 

 (13 TeV)-1138 fb

Figure 2: Breakdown of the upper limits on the HHH signal for the SM hypothesis across
different topology categories compared for the combination of categories with three and two
reconstructed Higgs bosons (3H and 2H respectively) as well as the combination with all cate-
gories.

The result is interpreted in the context of the k framework. Two sets of results are produced,308

one-dimensional negative log-likelihood scans in which only one coupling modifier is var-309

ied, while the other one is fixed to the SM value, and two-dimensional scans in which both310

couplings are allowed to vary. One-dimensional constraints on the k3 and k4 parameter are311

obtained from negative log-likelihood scans. As with the upper limit results, the fully re-312

solved categories dominate the sensitivity, while the inclusion of partially-boosted topologies313

improves the constraint by approximately 10%. The observed (expected) constraint on the tri-314

linear coupling modifier is �7 < k3 < 12 (�6 < k3 < 11) at 95% CL assuming k4 = 1. This315

limit is competitive with the Lorentz-boosted HH ! bbbb performed by the CMS collabora-316

tion with the Run 2 dataset [41], illustrating the sensitivity of the HHH process to the trilinear317

coupling modification as well as the complementarity between HH and HHH processes in318

the probe of the Higgs potential. The observed (expected) quartic coupling modification is319

�190 < k4 < 190 (�190 < k4 < 190). Two-parameter likelihood scans in the (k3, k4) plane320
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Limits on the Couplings
✦ For limits on coupling modifiers, the HH background 

is modified accordingly

27

CMS PAS HIG-24-012

8. Conclusion 9

yield the 68% and 95% CL contours shown in Fig. 3. The scans fix the topYukawa coupling321

to its SM value and account only for overall-normalization (rate) effects in both the HHH and322

HH processes. For HHH both k3 and k4 [27, 45, 99] are varied, whereas for HH only k3 is323

varied [13]. Notably, the simultaneous (k3, k4) fit yields expected and observed constraints that324

exclude regions of parameter space permitted by the perturbative unitarity bound [45].325

15− 10− 5− 0 5 10 15 20
3κ

400−

300−

200−

100−

0
100
200
300
400
5004

κ

Exp. 68% CL
Exp. 95% CL
Obs. 68% CL
Obs. 95% CL
Unitarity bound
SM

Preliminary CMS  (13 TeV)-1138 fb

)3κ(HH
µ), 4κ,3κ(HHH

µ 6b, →HHH

Figure 3: Constraints on the coupling modifiers k3 and k4 from a profile-likelihood scan in the
(k3, k4) plane using the combination of all signal regions. Observed and expected 68% and 95%
CL contours are shown. The region of parameter space allowed by perturbative unitarity in
HH!HH scattering is indicated in gray, following Ref. [45].

8 Conclusion326

A search for nonresonant triple Higgs boson production HHH is presented, using the dataset327

collected by the CMS experiment from proton-proton collision at a center-of-mass energy
p

s =328

13 TeV. The analysis targets final states in which three Higgs bosons decay to bb quark pairs329

and are reconstructed across fully resolved, partially-resolved, and fully boosted topologies.330

To maximize sensitivity across this diverse phase space, the analysis exploits advanced ma-331

chine learning techniques for the identification of heavy-flavor jets, separation of signal from332

background events, and classification of the signal event candidates. For the latter, symmetry333

preserving attention networks SPANET are employed.334

The observed (expected) upper limit on the HHH production rate times branching fraction is335

588 (572) at 95% CL, which corresponds to an upper limit on the cross-section of 44 (43) fb.336

Constraints on the Higgs boson self-coupling parameters are obtained, yielding k3 2 [�7, 12]337

and k4 2 [�190, 190], setting the most stringent bound to date on the quartic self-coupling338

modifier k4.339

This result constitutes the most sensitive probe of nonresonant HHH production at the LHC340

to date. Whereas the sensitivity is currently limited by the overwhelming QCD multijet back-341

ground inherent to fully hadronic final states, the analysis demonstrates that topological and342

flavor-based discriminants powered by machine learning can improve to the sensitivity to rare343

signals in challenging environments.344
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HHH Combination
28
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Sensitivity to λ4 from Loops
✦ Just like single Higgs boson production is sensitive to λ3 at 1-loop 

level, there is also a sensitivity to λ4 at two loops


✦ Similarly, double-Higgs production is sensitive to λ4 at 1-loop level

✦ However, sensitivity is significantly worse than for HHH production 

(expectedly!)

29

Figure 1. 1PI two-loop contributions to the Higgs self-energy. The dashed lines represent Higgs
propagators.

one-particle-irreducible (1PI) diagrams are considered. In particular, two-loop diagrams in-
volving one-loop Higgs tadpoles are excluded since such contributions are exactly canceled
by the corresponding one-loop counterterm contributions. This is because we use the stan-
dard renormalization of the Higgs tadpole [43], which sets the renormalized Higgs tadpole
to zero at each order of perturbation theory. This choice ensures that the e!ective potential
contains no term linear in the Higgs field. In addition to renormalizing the Higgs tadpole,
we also account for Higgs mass and WFR, as well as operator mixing in the SMEFT.
The explicit form of the counterterms used in our calculation is provided in Appendix B.

Our final result for the two-loop correction to the on-shell Higgs WFR constant reads

ωZ
(2)

h = →

[
3

2 ε̄
→

9

4
+ 3L

]
ϑ
2

4 +
1

3
c
(1)

2,0

(
1 + L

)
ϑ3ϑ5 → 6c(1)

2,0

(
1 + L

)
ϑ
3

3

+
[
c
(2)

2,1 → 12c(1)
2,0L

]
ϑ
2

3ϑ4 +
[
c
(2)

4,0 + 18c(1)
2,0L

]
ϑ
4

3

(2.5)

with L = ln
(
µ
2
/m

2

h

)
and

c
(2)

2,1 = →378→ 36ϖ(2) + 78
↑
3ϱ ↓ →12.7886 ,

c
(2)

4,0 = 405 + 189ϖ(2)→ 162ϖ(3)→ 216
↑
3ϱ + 54

(
3
↑
3 + 2ϱ

)
Cl2

(
ϱ

3

)
↓ →25.0364 .

(2.6)

Here, we introduced the shorthand notation 1/ε̄ = 1/ε→ςE+ln (4ϱ), where ςE ↓ 0.57722 is
the Euler–Mascheroni constant. The normalization of our loop integrals — see (A.1), (A.2),

– 4 –

Figure 4. Possible future constraints in the ω3–ω4 plane at the HL-LHC (left panel) and
the FCC (right panel). The blue, red, and green contours correspond to the preferred 68% CL
regions that arise from inclusive single-Higgs, double-Higgs, and triple-Higgs production, respec-
tively. The SM is indicated by the black point, and the black dashed line corresponds to
ω4 → 1 = 6 (ω3 → 1), i.e., the relation between ω3 and ω4 that holds in the SMEFT at the level
of dimension-six operators. Consult the main text for further explanations.

sumed that at the HL-LHC, the corresponding signal strengths can be constrained to
0.77 < µ

HL-LHC

2h < 1.23 and µ
HL-LHC

3h < 10. These hypothetical limits are consistent with
those derived in [61] and [32–35], respectively.

From the results depicted in the left panel of Figure 4, it is evident that at the HL-
LHC, the new constraint arising from single-Higgs production is notably weaker than those
stemming from double-Higgs and triple-Higgs production. As shown in Appendix C, this
finding is independent of the specific choice of renormalization scale used in the single-
Higgs production analysis. The same holds for the choice of the quintic Higgs self-coupling
modifier ω5, as we have explicitly verified, given its very small numerical coe!cient in (3.1).
After combining all Higgs measurements, we observe that at the HL-LHC, two regions
of parameter space can be expected to remain viable, centered around the SM point and
{ω3,ω4} ↑ {3.5, 0}, respectively. In the case of ω3 = 1, we find that at the HL-LHC it
might be possible to obtain the following 68% CL constraint: →21 < ω4 < 28. Moreover,
the family of solutions ω4 → 1 = 6 (ω3 → 1) traverses a large portion of the non-SM region
in the ω3–ω4 plane. This indicates that, using HL-LHC data, it will not be feasible to
di"erentiate between BSM scenarios where significant modifications to the cubic, quartic,
and quintic Higgs self-interactions stem solely from the operator Q6, or from a combination
of Q6 and Q8 — cf. the discussion following (1.3).

Our numerical analysis of the FCC reach for single-Higgs production processes focuses
on the precision measurements that the lepton option of the FCC (FCC-ee) is expected to
achieve in the Higgsstrahlungs and VBF processes, i.e., e+e→ ↓ Zh and e

+
e
→
↓ εε̄h. The

– 10 –
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Toward the Future
✦ 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

๏ In fact, the CMS Run 2 expected limits on 𝜿3 are already the same as in this 

projection - hence the brand new projection!

30
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Unitarity
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CMS+ATLAS
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 = 14 TeVs
 per experiment-13 ab

 6b→HHH

Figure 4: Left: The ATLAS+CMS projection on the precision of the determination of ω3 as a function of ωtrue
3 . The 68% and

95% confidence intervals are shown in the upper plot, while the lower plot shows the ω3 deviation from the simulated ω
true
3

value and its 68% and 95% confidence intervals. Right: 95% CL constraints from the HHH search projection on ω3 and
ω4. Results are shown for 3 ab→1 per experiment at

→
s = 14 TeV in scenario S3 with data-driven background uncertainties.

Unitarity limits, as calculated in Ref. [57], are overlaid in the region bounded by the grey dashed line.

cases a potential signal is considered in the narrow-width approximation, where the decay width is assumed to
be negligible compared to the detector resolution. The S → HH projection combines the currently available
prospects in the bb̄ω

+
ω
→, bb̄εε, and bb̄bb̄ (boosted) final states, which is conservative as also other channels are

expected to contribute at masses up to ↑1 TeV [61, 62].
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 (CMS-only, 13 TeV)-1139 fb
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 95%
 68%

 = 0.2)θ = 100 GeV, 
3

Real singlet (b

 = 0.52a  = 1.02a

Figure 5: Expected 95% CL upper limits on the ε(pp ↑ S ↑ HH)
cross section as a function of the scalar mass mS , produced via gluon
fusion using the narrow width approximation. The projection is de-
rived assuming 3 ab→1 per experiment for the S2 scenario at 14 TeV.
For comparison, production cross section curves for the model de-
scribed in Section 7 are shown, for two values of the scalar portal
coupling a2.

A scalar coupling to top quarks may alter
the tt̄tt̄ process. In this context, we consider S
production in association with a top-quark pair
(tt̄S), with the S decaying into a tt̄ pair. Starting
from ATLAS searches with full Run-2 data [63,
64], we project the combined ATLAS+CMS HL-
LHC reach. Figure A.3 right illustrates the ex-
pected upper limit on ϑ(pp → tt̄S)↓B(S → tt̄),
at 95% CL. Further constraints can be derived
from searches for inclusive heavy scalar produc-
tion with subsequent S → tt̄ decay. While this
channel was found subdominant with respect to
the searches listed above, the overall interplay
between all these searches and precision Higgs
physics can probe large portions of the parame-
ter space of specific BSM models.

6 Constraining the shape of the BEH potential and a first-order phase transition

Measurements of the Higgs boson self-coupling are crucial to inform on the shape of the EWSB potential, which
can be expressed as

V
SM

(ϖ) =
1

8

(
ϖ
2

↔ 1
)2

, and ϖ =
H
↗

2
+ 1 , mH =

1
↗

2
. (1)

where ϖ is the Higgs doublet given in terms of the physical Higgs scalar (H). The notation has been simplified
taking into account that mt = ytv/

↗
2 and yt ↑ 1, so that v =

↗
2 when expressed in units of mt (see Appendix B).

7

AT
LA

S 
&

 C
M

S,
 a

rX
iv

:2
50

4.
00

67
2

https://arxiv.org/pdf/2504.00672


 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

H
H

 P
ro

du
ct

io
n 

at
 th

e 
LH

C
 a

nd
 B

ey
on

d 
- S

ca
la

rs
 2

02
5

Toward the Future
✦ 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

๏ In fact, the CMS Run 2 expected limits on 𝜿3 are already the same as in this 

projection - hence the brand new projection!
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Figure 4: Left: The ATLAS+CMS projection on the precision of the determination of ω3 as a function of ωtrue
3 . The 68% and

95% confidence intervals are shown in the upper plot, while the lower plot shows the ω3 deviation from the simulated ω
true
3

value and its 68% and 95% confidence intervals. Right: 95% CL constraints from the HHH search projection on ω3 and
ω4. Results are shown for 3 ab→1 per experiment at

→
s = 14 TeV in scenario S3 with data-driven background uncertainties.

Unitarity limits, as calculated in Ref. [57], are overlaid in the region bounded by the grey dashed line.

cases a potential signal is considered in the narrow-width approximation, where the decay width is assumed to
be negligible compared to the detector resolution. The S → HH projection combines the currently available
prospects in the bb̄ω

+
ω
→, bb̄εε, and bb̄bb̄ (boosted) final states, which is conservative as also other channels are

expected to contribute at masses up to ↑1 TeV [61, 62].

1−10×3 1 2 3 4
 [TeV]S m

2−10

1−10

1
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210
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 H
H

) [
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]
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→
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p 
σ

CMS+ATLAS
Projections ESPPU 2026

            (14 TeV)

Narrow Width Approximation

S2 scenario

Spin 0, Gluon fusion production

          
 per experiment-13 ab

 (CMS-only, 13 TeV)-1139 fb

95% CL upper limit
Expected
 95%
 68%

 = 0.2)θ = 100 GeV, 
3

Real singlet (b

 = 0.52a  = 1.02a

Figure 5: Expected 95% CL upper limits on the ε(pp ↑ S ↑ HH)
cross section as a function of the scalar mass mS , produced via gluon
fusion using the narrow width approximation. The projection is de-
rived assuming 3 ab→1 per experiment for the S2 scenario at 14 TeV.
For comparison, production cross section curves for the model de-
scribed in Section 7 are shown, for two values of the scalar portal
coupling a2.

A scalar coupling to top quarks may alter
the tt̄tt̄ process. In this context, we consider S
production in association with a top-quark pair
(tt̄S), with the S decaying into a tt̄ pair. Starting
from ATLAS searches with full Run-2 data [63,
64], we project the combined ATLAS+CMS HL-
LHC reach. Figure A.3 right illustrates the ex-
pected upper limit on ϑ(pp → tt̄S)↓B(S → tt̄),
at 95% CL. Further constraints can be derived
from searches for inclusive heavy scalar produc-
tion with subsequent S → tt̄ decay. While this
channel was found subdominant with respect to
the searches listed above, the overall interplay
between all these searches and precision Higgs
physics can probe large portions of the parame-
ter space of specific BSM models.

6 Constraining the shape of the BEH potential and a first-order phase transition

Measurements of the Higgs boson self-coupling are crucial to inform on the shape of the EWSB potential, which
can be expressed as

V
SM

(ϖ) =
1

8

(
ϖ
2

↔ 1
)2

, and ϖ =
H
↗

2
+ 1 , mH =

1
↗

2
. (1)

where ϖ is the Higgs doublet given in terms of the physical Higgs scalar (H). The notation has been simplified
taking into account that mt = ytv/

↗
2 and yt ↑ 1, so that v =

↗
2 when expressed in units of mt (see Appendix B).
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Second HHH Workshop
✦ 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
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LHC Working Group Subgroup
✦ 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)


✦ Mailing list: lhc-higgs-hhh@cern.ch (self-subscribed w/ conveners approval)
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William Balunas, ATLAS 
U of Cambridge, UK

Benjamin Fuks, Theory 
Sorbonne, France

Greg Landsberg, CMS 
Brown U, USA

lhc-hhh-wg4-conveners@cern.ch

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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Conclusions
✦ 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 techniques, so both 
challenging and exciting!


✦ Offers complementarity to HH production in terms of 
λ3 sensitivity and unique sensitivity to λ4


✦ 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!
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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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