
30.09.25 - 2nd HHH Workshop, Dubrovnik, Croatia

HHH YR5 Contribution(s)
William Balunas, Benjamin Fuks, and Greg Landsberg



Group Logistics
• The HHH subgroup of WG4 was formed last December, with the mandate to oversee studies of the triple-

Higgs-boson signature, both in non-resonant and resonant production


• The formation of the new group reflects growing interest in this signature, not only as a window to constrain 
the quartic Higgs self-coupling (λ4), but also as a complementary signature to constrain triple Higgs self-
coupling (λ3)


• We have created the e-group lhc-higgs-hhh@cern.ch (self-subscribed, with conveners' approval; 35 people 
already signed up, following the WG4 announcement)


• To subscribe, follow this link: https://e-groups.cern.ch/e-groups/EgroupsSubscription.do?
egroupName=lhc-higgs-hhh 


• For now will use the main WG4 Twiki page:  
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGHH


• Had a kick-off meeting during the WG4 meeting in February, followed by a discussion at the HH Workshop 
in Elba (May)


•  Plan regular meetings to discuss Yellow Report 5 contributions and to hear experimental and theoretical 
updates
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2025-2026 Conveners
• lhc-hhh-wg4-conveners@cern.ch

William Balunas, ATLAS 
U of Cambridge, UK

Benjamin Fuks, Theory 
Sorbonne, France

Greg Landsberg, CMS 
Brown U, USA
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Possible YR5 Contributions
• YR5 is organized differently from earlier YRs


• Organized as individual contributions


• However, we could consider a single HHH contribution, with 
recommendations related to the HHH analyses, benchmark points, etc.


• The discussion today is to generate some ideas on what's useful to have in 
YR5 from the point of view of our group


• Benefits from many experts, both on the theoretical and experimental sides, 
present



Some Ideas
• Cross section


• The NNLO ggF cross section and NNLO/LO K-factor have been calculated 
only for 14 and 100 TeV


• The way experiments handle these is to do the 13 or 13.6 LO generation 
with MadGraph5_aMCNLO and use the 14 TeV K-factor


• Close, but we should really add the 13 and 13.6 points to the NNLO 
calculations

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

https://link.springer.com/content/pdf/10.1007/JHEP03(2020)155.pdf


Some Ideas
• HH treatment


• No uniform approach in treating the HH background


• Not an issue for the limits on the HHH signal strength μ, for which the HH cross 
section is fixed to the SM value


• Becomes an issue for the 𝜿3 vs. 𝜿4 scan


• ATLAS: does not touch the HH cross section, still fixing it at the SM value


• CMS: more consistent approach by varying HH 𝜿3 value, but still fixing 𝜿4 at the 
SM value


• The most consistent approach: vary both HH 𝜿3 and 𝜿4 when performing the 
scan, as is done for the HHH signal



Some Ideas
• HH treatment (cont'd)


• The HH signal strength dependence on 𝜿4 has been calculated in at least two 
papers


•  


•  


• Unfortunately they do not look exactly the same (look at the double-quadratic 
term)


• It would be good to understand the difference, which should be easy, given the 
author overlap :) and come up with the HH signal strength recommendation

Eur. Phys. J. C (2024) 84 :1183 Page 19 of 73 1183

Table 5 Extrapolation of the main triple Higgs decay modes to the
Large Hadron Collider. The results are presented in terms of the limit
on the signal strength at 95% confidence level. The pessimistic scaling

assumes a reduction of a factor 10 in the background similar to the
reduction of the cross-section of the multijets process with 6 b-quarks.
The optimistic scaling assumes a reduction of 60 similar to the signal

Channel L at 100 TeV Significance L at 13 TeV Pessimistic Optimistic

HHH ! bb̄bb̄bb̄ [142] 20 ab−1 1.6σ 139 fb−1 285× SM 120× SM

HHH ! bb̄bb̄γ γ [143] 20 ab−1 2.1σ 139 fb−1 220× SM 90× SM

HHH ! bb̄bb̄τ+τ− [144] 30 ab−1 2.0σ 139 fb−1 280× SM 115× SM

Combination 20 ab−1 2.9σ 139 fb−1 150× SM 64× SM

Table 6 Estimated limit on the triple Higgs production from a combi-
nation of the HHH ! bb̄bb̄bb̄, HHH ! bb̄bb̄τ+τ− and HHH !
bb̄bb̄γ γ at 95% confidence level for different luminosities at a center-
of-mass energy of

√
s = 13 TeV

L at 13 TeV Pessimistic Optimistic

139 fb−1 150× SM 64× SM

300 fb−1 100× SM 40× SM

500 fb−1 80× SM 35× SM

3000 fb−1 30× SM 15× SM

with the luminosity expected to be achieved in Run 2, Run
3 and the High-Luminosity LHC is shown in Table 6. The
ATLAS and CMS experiments at the LHC are the only detec-
tors in the world capable of probing electro-weak symmetry
breaking through searches for the HHH process.

4.4 Complementary between ongoing HH searches and
future HHH searches

As shown in Sect. 3, for multi Higgs boson production, the
connection between Higgs boson multiplicity and contribut-
ing coupling modifiers is non-trivial: HH and HHH pro-
duction are both affected by the trilinear coupling modifier
κ3 and the quartic coupling modifier κ4. A combined exper-
imental picture is therefore desirable.

Through a combination of multiple search channels, the
ATLAS experiment limits the signal strength of HH pro-
duction µHH to be < 2.4 times the SM prediction at the
95% confidence level, where 2.9×SM is expected [5]. The
CMS experiment reaches similar sensitivity with an observed
limit of µHH < 3.4×SM where 2.5×SM is expected in the
absence of any signal [4].

In this section we present expected limits on κ3 and κ4
based on extrapolations of the expected ATLAS HH results,
scaled to an integrated luminosity of 450 fb−1. For HHH
production, limits have been estimated extrapolating exist-
ing phenomenological studies [31,35,37] to LHC energies,
similar to the previous section. The κ limits presented in this
section are purely based on re-interpretations of the signal
strength limits and neglect any change in the event kinematics

induced by anomalous κ3 and κ4 values. In the case of κ3 and
HH production for example, this assumption has its limita-
tions as large values of κ3 make themHH spectrum softer and
the signal-to-background ratio is lower at lowmHH [21,146].
Therefore the results in this section are to be seen as qualita-
tive statements. The purpose of these studies is to highlight
the complementary between the two channels and to advo-
cate for a more thorough study within the experiments, taking
the kinematic changes fully into account.

To calculate likelihood values, the HH and HHH signal
strengths are parameterised as a function of %κ3 = (κ3 − 1)
and %κ4 = (κ4 − 1) based on [33,147]:

µ14 TeV
HH = 1 − 0.867(%κ3)+ 1.48 · 10−3(%κ4)+ 0.329(%κ3)

2

+ 7.80 · 10−4(%κ3%κ4)+ 2.73 · 10−5(%κ4)
2

− 1.57 · 10−3(%κ3)
2(%κ4)

− 1.90 · 10−5(%κ3)(%κ4)
2 + 9.74 · 10−6(%κ3)

2(%κ4)
2

µ14 TeV
HHH = 1 − 0.921(%κ3)+ 0.091(%κ4)+ 0.860(%κ3)

2

− 0.168(%κ3%κ4)+ 1.71 × 10−2(%κ4)
2 − 0.258(%κ3)

3

+ 4.91 × 10−2(%κ3)
2%κ4 + 4.13 × 10−2(%κ3)

4 .

As can be seen, the HH signal strength, for example,
depends only weakly on the quartic coupling as it intervenes
at a two-loop level. While the absolute cross-section val-
ues are

√
s dependent, the signal strength parameterisations

show little dependence on the assumed
√
s. The estimated

constraints are shown in Fig. 12 in the two-dimensional κ3-
κ4 plane. The plot highlights the complementary between the
two searches.

One dimensional likelihood contours are shown for κ3 in
Fig. 13 and for κ4 in Fig. 14. For each of those contours the
coupling modifier that is not shown is profiled over. By taking
into account also the effect of κ4 on HH production, one can
derive limits on κ3 that do not rely on any assumption on
the relationship between κ3 and κ4 and therefore gain model
independence. Furthermore, a HH + HHH combination
adds information to the constraint on κ3. This is even more so
the case for κ4, where the combination significantly improves
over the constraints from HHH production alone when κ3
is profiled over.

123

Bizori, Haisch, Rotolly 
JHEP 10 (2019) 267

Haisch, Sankar, Zanderighi 
 arXiv:2505.20463

ggF Wh Zh VBF tt̄h

C
ωi
1

0.68 · 10→2 1.03 · 10→2 1.18 · 10→2 0.64 · 10→2 3.47 · 10→2

ωω W
+
W

→
ZZ bb̄ ε

+
ε
→

C
!f

1
0.49 · 10→2 0.73 · 10→2 0.83 · 10→2 0.67 · 10→5 0.33 · 10→5

Table 1. Values of the process-dependent coe!cients C
ωi
1 and C

!f

1 . The numbers are directly
taken or obtained from [9, 10, 20, 25], with the coe!cients C

ωi
1 corresponding to pp collisions at

→
s = 14TeV.

where µ
f
i has been defined in (3.3), and we have assumed that the central values of the

future measurements of the Higgs signal strengths will coincide with the corresponding SM
predictions. The variables !f

i encode the relative total uncertainties obtained by combining
the theoretical and statistical uncertainties associated with µ

f
i . The allowed confidence

limit (CL) regions are then obtained by minimizing (3.4) and determining the solutions
to !ϑ

2 = ϑ
2
↑ ϑ

2

min
< 2Q→1(n/2, 1 ↑ CL) for a n parameter fit, where Q

→1(a, z) is the
regularised incomplete gamma function.

In our numerical analysis of the HL-LHC reach for single-Higgs production processes,
we include Higgs production via gluon-gluon-fusion (ggF), in association with a W or Z

boson (Wh, Zh), in vector-boson-fusion (VBF), and in association with top quarks (tt̄h).
Regarding Higgs branching ratios, we consider decays to pairs of photons (ωω), EW gauge
bosons (W+

W
→, ZZ), bottom quarks (bb̄), and tau leptons (ε+ε→). The associated coef-

ficients C
ωi
1

and C
!f

1
are collected in Table 1. The coe!cients C

ωi
1

correspond to proton-
proton (pp) collisions at a centre-of-mass energy of

→
s = 14TeV. The values of the relative

total uncertainties !f
i used in our HL-LHC analysis are listed in Table 2. The quoted

uncertainties align with the baseline scenario S2, as described in the ATLAS note [51].
This scenario assumes that all theoretical uncertainties are halved relative to our current
understanding of the relevant signals and backgrounds, reflecting the anticipated situation
at the end of the HL-LHC program.

To gain a comprehensive understanding of the potential constraints on modifications
to the cubic, quartic, and quintic Higgs self-couplings by the end of the HL-LHC, we also
examine double-Higgs and triple-Higgs production. For the corresponding inclusive signal
strengths in pp collisions at

→
s = 14TeV, we obtain the following expressions:

µ
HL-LHC

2h = 2.18↑ 1.50ϖ3 ↑ 1.00 · 10→3
ϖ4 + 3.24 · 10→1

ϖ
2

3 + 3.95 · 10→3
ϖ3ϖ4

+ 5.54 · 10→5
ϖ
2

4 ↑ 1.56 · 10→3
ϖ
2

3ϖ4 ↑ 3.78 · 10→5
ϖ3ϖ

2

4 + 9.56 · 10→6
ϖ
2

3ϖ
2

4 ,

µ
HL-LHC

3h = 2.97↑ 3.31ϖ3 + 9.17 · 10→2
ϖ4 + 1.83ϖ23 ↑ 2.66 · 10→1

ϖ3ϖ4

+ 1.71 · 10→2
ϖ
2

4 ↑ 4.24 · 10→1
ϖ
3

3 + 4.91 · 10→2
ϖ
2

3ϖ4 + 4.13 · 10→2
ϖ
4

3 .

(3.5)

We recall that the expression for µ
HL-LHC

2h depends on the choice of the quintic Higgs self-
coupling. Following [18], we have assumed ϖ5 = 3/4 c̄6 + 7/2 c̄8 = 7/4 ↑ 9/4ϖ3 + 1/2ϖ4.
These relations follow from (1.3). The formula for the signal strength in double-Higgs

– 8 –

https://link.springer.com/content/pdf/10.1007/JHEP10(2019)267.pdf
https://arxiv.org/pdf/2505.20463


Some Ideas
• HH treatment (cont'd)


• Does 𝜿4 scan really matter?


• Yes, it does, in the 𝜿3  
direction


• Croissant → Muffin!
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Some Ideas
• HL-LHC Projections


• ATLAS & CMS submitted ESPPU projections a few months ago, based on the 
ATLAS 6b analysis; unfortunately they are now obsolete


• Too late to 
update for 
ESPPU, but 
could add to 
YR5, perhaps 
with the 𝜿4  
update
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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].
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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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https://arxiv.org/pdf/2504.00672


Anything Else? 

Thank You!


