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AP, Gilberto Tetlalmatzi-Xolocotzi, Marco Zaro, arXiv:1909.09166

[& see also: ]
AP, Kazuki Sakurai, arXiv:1508.06524
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&
[SM + 2 scalar fields = “TRSM”]

[SM + 1 scalar field = “xSM”]

AP, Graham White, 
arXiv:2010.00597 &

arXiv:2108.11394
[Strong EW phase transition with 1 scalar field + 

searches @ future colliders]
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(with apologies to Peter Higgs!)

σ(h) ∼ 50 pb
σ(hh) ∼ 40 fb

× 𝒪(10−3)
SM, 14 TeV

σ(hhh) ∼ 0.1 fb

× 𝒪(10−3)



Andreas Papaefstathiou

• Cranking up the pp energy could help!

5

~ ×60 increase in 
cross section

14 TeV → 100 TeV.

SM

Did you know?



Andreas Papaefstathiou

• Cranking up the pp energy could help!

5

~ ×60 increase in 
cross section

14 TeV → 100 TeV.

SM

☠
~300 events @ HL-LHC

Did you know?



Andreas Papaefstathiou

• Cranking up the pp energy could help!

5

~ ×60 increase in 
cross section

14 TeV → 100 TeV.

SM

☠
~300 events @ HL-LHC

🤔
~100k events @ FCC-hh

Did you know?
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New Physics

This talk: (any # of) new scalar fields w/o SM charges 
→ Gauge-singlet scalars.
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Higgs Portals and Singlet Scalars

• The Higgs doublet bilinear :

the only SM gauge- and Lorentz-invariant D=2 operator!

• Can act as a “portal”: you can always multiply  by another singlet operator, !

ϕ†ϕ

ϕ†ϕ S

7

ℒ ⊃ ▴ ϕ†ϕS+◼ϕ†ϕS2

ϕ → ⟨ϕ⟩ + h
• Then, following Electro-Weak Symmetry Breaking (EWSB):

S → ⟨S⟩ + χ
⇒ ℒ ⊃ ▴ hχ2+▴h2χ+◼h2χ2 + . . .

e.g.:

Vacuum Expectation Values (VEVs)
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SM + New Singlet Scalars
• Diagonalize mass matrix →  get eigenstates:  → SM-like Higgs boson! h1, h2, h3 . . . h1 ≈
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8

ℒ ⊃ ▴ h1h2
2+▴h2

1h2+◼h2
1h2

2 + . . .

h1

h1

h1

h*2

h*2

 Additional contributions to hhh, e.g.:⇒

 Triple Higgs boson 
production could be 

enhanced in models with 
extended scalar sectors!

& Measuring it could 
probe multi-scalar 

interactions! 

⇒ Modified & new triple/quartic couplings,⇒
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SM + One Real Singlet Scalar [= xSM]
• Motivation: simple model for a strong first-order electro-weak phase transition:

➡ Singlet scalar field acts as a “catalyst”.

➡ Can help explain matter-anti-matter asymmetry of the universe.
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[AP, White, arXiv:2010.00597] 
⇒ Future colliders could discover this model! 
⇒ Q: Can we use hhh to find out more about xSM? 
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hhh in the xSM [pp@100 TeV]
• Search for hhh via:  

• About 20% of the hhh final state!

• Parton-level events for signal/backgrounds via MadGraph5_aMC@NLO.

• Parton shower/non-perturbative effects with HERWIG 7.

• Analysis with specialised HERWIG 7 package → “HwSim”.

• QCD 6 b-jet by far the largest background. 

pp → (bb̄)(bb̄)(bb̄)

11

[AP, Tetlalmatzi-Xolocotzi, Zaro, arXiv:1909.09166]

[AP, https://gitlab.com/apapaefs/hwsim]
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2.4 Analysis details

We give here the details of the phenomenological hadron-
level analysis that are common between the different new
physics scenarios that we consider.

We ask for the events to contain exactly six identified
b-jets with transverse momentum pT > 45 GeV. We ask for
these jets to lie within a pseudo-rapidity of |h | < 3.2 and
we also ask for the distance between any two b-jets to sat-
isfy DR > 0.3. The latter choice is simply to bring all pro-
cesses on equal footing, given that the backgrounds that con-
tain QCD-initiated b-quarks also obey a generation-level cut
of DR > 0.2. We consider the potential impact of reducing
the pseudo-rapidity coverage for the identified b-jets on our
conclusions in Appendix A. For each of the 15 possible ar-
rangements I = {i j,kl,mn} of the six b-jets into pairs we
construct the observable:

c2 = Â
qr2pairings I

(Mqr �m2
h)

2 , (2)

where Mqr is the invariant mass of the b-jet pairing qr in the
arrangement of pairings I and mh is the Higgs boson mass.
Given that it is challenging to determine experimentally the
charge of the b-quarks that initiated the b-jets, we consider
the minimisation of the c2 observable over all the possible
pairings. The arrangement of pairings I that gives the min-
imum of c2, which we call c2

min, defines the three “recon-
structed Higgs bosons”, hi

r, for i = {1,2,3}. For this spe-
cific combination we calculate the absolute difference with
the Higgs mass and order from smallest to larger: (Dmmin,
Dmmid, Dmmax). We impose cuts on the observables

q
c2

min,
Dmmin, Dmmid and Dmmax. Furthermore, we impose cuts on
the transverse momentum of the hardest, second hardest and
softest reconstructed Higgs boson, pT (hi

r) for i = {1,2,3}.
We also impose cuts on the distances between the recon-
structed Higgs bosons, DR(hi

r,h
j
r). Finally, we ask for the

distances between the two b-jets that comprise the recon-
structed Higgs bosons, DRbb(hi), to satisfy certain upper
bounds. The values of the cuts on these observables are sum-
marised in table 2.6

3 Standard Model-like triple Higgs boson production

3.1 Anomalous self-couplings

We first consider a scenario in which the triple and quar-
tic couplings are modified independently of each other. This

6We note that the invariant masses Mhh and Mhhh, presented in sub-
section 2.2 for the SM case, could also prove useful in discriminating
the signal from the backgrounds. However, they would also provide a
method of distinguishing between different new physics scenarios and
hence we chose not to impose any cuts in our analysis.

Table 2: The cuts that comprise the phenomenological anal-
ysis at hadron level.

observable cut

pT,b > 45 GeV
|hb| < 3.2
DRb,b > 0.3
pT (hi) > [170,120,0] GeV, i = 1,2,3
c2

min < 17 GeV
Dmmin, mid, max < 8,8,11 GeV
DR(hi

r,h
j
r) < [3.5,3.5,3.5], (i, j) = [(1,2),(1,3),(2,3)]

DRbb(hi) < [3.5,3.5,3.5], i = 1,2,3

“agnostic” anomalous coupling approach does not necessar-
ily represent a physically viable theory, but allows for an
investigation of the possible constraints that can be obtained
for SM-like triple Higgs boson production. We thus consider
interactions of the form:

V (h) =
1
2

m2
hh2 +lSM(1+ c3)v0h3 +

1
4

lSM(1+d4)h4 , (3)

where the coefficients c3 and d4 represent the modifications
of the triple and quartic Higgs boson self-interactions re-
spectively. Assuming that the Yukawa couplings to the top
and bottom quarks remain unchanged, these interactions will
induce changes to the main production channel for triple
Higgs boson production, that proceeds through gluon fu-
sion, mediated by heavy quark loops. Example Feynman di-
agrams are shown in fig. 3, together with their scaling with
the coefficients c3 and d4.

In fig. 4 we show a variation of the cross section at a 100
TeV proton collider, normalised to the SM value. Evidently,
variations of the triple self-coupling via c3 produce larger
changes than equivalent variations with d4. A fit of the cross
section on this plane yields a polynomial in c3 and d4 which
is quartic in c3 and quadratic in d4. This is because there
exist diagrams with two insertions of the triple self-coupling
c3 in triple Higgs boson production (diagram 3d), whereas
there are only diagrams with at most a single insertion of
d4 (diagram 3c) at this order. The dependence of the cross
section on c3 and d4, normalised to the SM cross section,
was fitted as:

s(c3,d4)hhh

s(SM)hhh
�1 = 0.0309⇥ c4

3 �0.2079⇥ c3
3

+ 0.0407⇥ c2
3d4 +0.7384⇥ c2

3

+ 0.0156⇥d2
4 �0.1450⇥ c3d4

� 0.1078⇥d4 �0.6887⇥ c3 . (4)

The formula above can be used to estimate the cross sec-
tion in any model with SM-like Higgs boson triple produc-
tion. For example, in the context of the SM effective field

3. For each pairing construct:

≡ sum of squared differences from Higgs mass (~125 GeV)
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[Kotwal, Ramsey-Musolf, No, Winslow, arXiv:1605.06123]. 
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Benchmark cosq sinq m2 Gh2 x0 l a1 a2 b3 b4
s(h1h1)
s(hh)SM

s(h1h1h1)
s(hhh)SM

(GeV) (GeV) (GeV) (GeV) (GeV)
B1max 0.976 0.220 341 2.42 257 0.92 -377 0.392 -403 0.77 22.44 60.55
B2max 0.982 0.188 353 2.17 265 0.99 -400 0.446 -378 0.69 22.43 56.69
B3max 0.983 0.181 415 1.59 54.6 0.17 -642 3.80 -214 0.16 6.43 3.01
B4max 0.984 0.176 455 2.08 47.4 0.18 -707 4.63 -607 0.85 5.19 3.37
B5max 0.986 0.164 511 2.44 40.7 0.18 -744 5.17 -618 0.82 3.49 2.94
B6max 0.988 0.153 563 2.92 40.5 0.19 -844 5.85 -151 0.083 2.79 3.60
B7max 0.992 0.129 604 2.82 36.4 0.18 -898 7.36 -424 0.28 2.51 4.70
B8max 0.994 0.113 662 2.97 32.9 0.17 -976 8.98 -542 0.53 2.28 4.91
B9max 0.993 0.115 714 3.27 29.2 0.18 -941 8.28 497 0.38 1.98 2.68

B10max 0.996 0.094 767 2.83 24.5 0.17 -920 9.87 575 0.41 1.95 2.35
B11max 0.994 0.105 840 4.03 21.7 0.19 -988 9.22 356 0.83 1.76 1.03

Table 5: Values of the various xSM independent and dependent parameters for each of the benchmark values chosen to maximize the s ·BR(h2 !
h1h1) at a 100 TeV proton collider, taken from [44]. The ratio of cross sections of h1h1 to SM hh and of h1h1h1 to hhh production are given in the
last two columns.

Benchmark cosq sinq m2 Gh2 x0 l a1 a2 b3 b4
s(h1h1)
s(hh)SM

s(h1h1h1)
s(hhh)SM

(GeV) (GeV) (GeV) (GeV) (GeV)
B1min 0.999 0.029 343 0.041 105 0.13 -850 3.91 -106 0.29 2.35 1.24
B2min 0.973 0.231 350 0.777 225 0.18 -639 0.986 -111 0.97 1.86 0.76
B3min 0.980 0.197 419 1.32 234 0.18 -981 1.56 0.42 0.96 2.04 0.78
B4min 0.999 0.026 463 0.0864 56.8 0.13 -763 6.35 113 0.73 2.34 1.68
B5min 0.999 0.035 545 0.278 50.2 0.13 -949 8.64 151 0.57 2.39 2.86
B6min 0.999 0.043 563 0.459 33.0 0.13 -716 9.25 -448 0.96 2.42 3.90
B7min 0.984 0.180 609 4.03 34.2 0.22 -822 4.53 -183 0.57 1.72 0.75
B8min 0.987 0.161 676 4.47 30.3 0.22 -931 5.96 -680 0.43 1.64 0.75
B9min 0.990 0.138 729 4.22 27.3 0.21 -909 6.15 603 0.93 1.68 0.91
B10min 0.995 0.104 792 3.36 22.2 0.18 -936 9.47 -848 0.66 1.81 1.31
B11min 0.994 0.105 841 3.95 21.2 0.19 -955 8.69 684 0.53 1.76 0.94

Table 6: Values of the various xSM independent and dependent parameters for each of the benchmark values chosen to minimize the s ·BR(h2 !
h1h1) at a 100 TeV proton collider, taken from [44]. The ratio of cross sections of h1h1 to SM hh and of h1h1h1 to hhh production are given in the
last two columns.

Fig. 8: The (normalised) invariant mass distribution of the
three Higgs boson system in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.

Fig. 9: The (normalised) transverse momentum distribution
of the hardest Higgs boson in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.

h1h1h1 system invariant mass for
selected benchmark points,

“B1max”, “B5max”, “B11max”.

[AP, Tetlalmatzi-Xolocotzi, 
Zaro, arXiv:1909.09166]

h1

h1

h1

h*2

h*2

hhh in the xSM and Strong First-Order Phase Transitions
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Fig. 9: The (normalised) transverse momentum distribution
of the hardest Higgs boson in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.

h1h1h1 system invariant mass for
selected benchmark points,

“B1max”, “B5max”, “B11max”.

[AP, Tetlalmatzi-Xolocotzi, 
Zaro, arXiv:1909.09166]

on-shell
h1
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h*2

h*2

hhh in the xSM and Strong First-Order Phase Transitions
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Benchmark cosq sinq m2 Gh2 x0 l a1 a2 b3 b4
s(h1h1)
s(hh)SM

s(h1h1h1)
s(hhh)SM

(GeV) (GeV) (GeV) (GeV) (GeV)
B1max 0.976 0.220 341 2.42 257 0.92 -377 0.392 -403 0.77 22.44 60.55
B2max 0.982 0.188 353 2.17 265 0.99 -400 0.446 -378 0.69 22.43 56.69
B3max 0.983 0.181 415 1.59 54.6 0.17 -642 3.80 -214 0.16 6.43 3.01
B4max 0.984 0.176 455 2.08 47.4 0.18 -707 4.63 -607 0.85 5.19 3.37
B5max 0.986 0.164 511 2.44 40.7 0.18 -744 5.17 -618 0.82 3.49 2.94
B6max 0.988 0.153 563 2.92 40.5 0.19 -844 5.85 -151 0.083 2.79 3.60
B7max 0.992 0.129 604 2.82 36.4 0.18 -898 7.36 -424 0.28 2.51 4.70
B8max 0.994 0.113 662 2.97 32.9 0.17 -976 8.98 -542 0.53 2.28 4.91
B9max 0.993 0.115 714 3.27 29.2 0.18 -941 8.28 497 0.38 1.98 2.68

B10max 0.996 0.094 767 2.83 24.5 0.17 -920 9.87 575 0.41 1.95 2.35
B11max 0.994 0.105 840 4.03 21.7 0.19 -988 9.22 356 0.83 1.76 1.03

Table 5: Values of the various xSM independent and dependent parameters for each of the benchmark values chosen to maximize the s ·BR(h2 !
h1h1) at a 100 TeV proton collider, taken from [44]. The ratio of cross sections of h1h1 to SM hh and of h1h1h1 to hhh production are given in the
last two columns.

Benchmark cosq sinq m2 Gh2 x0 l a1 a2 b3 b4
s(h1h1)
s(hh)SM

s(h1h1h1)
s(hhh)SM

(GeV) (GeV) (GeV) (GeV) (GeV)
B1min 0.999 0.029 343 0.041 105 0.13 -850 3.91 -106 0.29 2.35 1.24
B2min 0.973 0.231 350 0.777 225 0.18 -639 0.986 -111 0.97 1.86 0.76
B3min 0.980 0.197 419 1.32 234 0.18 -981 1.56 0.42 0.96 2.04 0.78
B4min 0.999 0.026 463 0.0864 56.8 0.13 -763 6.35 113 0.73 2.34 1.68
B5min 0.999 0.035 545 0.278 50.2 0.13 -949 8.64 151 0.57 2.39 2.86
B6min 0.999 0.043 563 0.459 33.0 0.13 -716 9.25 -448 0.96 2.42 3.90
B7min 0.984 0.180 609 4.03 34.2 0.22 -822 4.53 -183 0.57 1.72 0.75
B8min 0.987 0.161 676 4.47 30.3 0.22 -931 5.96 -680 0.43 1.64 0.75
B9min 0.990 0.138 729 4.22 27.3 0.21 -909 6.15 603 0.93 1.68 0.91
B10min 0.995 0.104 792 3.36 22.2 0.18 -936 9.47 -848 0.66 1.81 1.31
B11min 0.994 0.105 841 3.95 21.2 0.19 -955 8.69 684 0.53 1.76 0.94

Table 6: Values of the various xSM independent and dependent parameters for each of the benchmark values chosen to minimize the s ·BR(h2 !
h1h1) at a 100 TeV proton collider, taken from [44]. The ratio of cross sections of h1h1 to SM hh and of h1h1h1 to hhh production are given in the
last two columns.

Fig. 8: The (normalised) invariant mass distribution of the
three Higgs boson system in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.

Fig. 9: The (normalised) transverse momentum distribution
of the hardest Higgs boson in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.

h1h1h1 system invariant mass for
selected benchmark points,

“B1max”, “B5max”, “B11max”.

[AP, Tetlalmatzi-Xolocotzi, 
Zaro, arXiv:1909.09166]

on-shell

h1

h1

h1

h*2

h*2

hhh in the xSM and Strong First-Order Phase Transitions
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Cross section can be much 
higher than the SM hhh! 😲

Benchmark �(h1h1h1)
�(hhh)SM

B1max 60.55
B2max 56.69
B3max 3.01
B4max 3.37
B5max 2.94
B6max 3.60
B7max 4.70
B8max 4.91
B9max 2.68
B10max 2.35
B11max 1.03

<latexit sha1_base64="S59gSc7To+aGIWAVKNHGU1XTYJE="></latexit>

Andreas Papaefstathiou

hhh in the xSM and SFO-EWPT

pp@100 TeV
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Significance can be much higher 
than the SM! (c.f. ~1.7σ) 

10

Table 7: The significance (in standard deviations) of the six
b-jet analysis in h1h1h1, applied to the benchmark points of
tables 5 and 6. We have assumed a perfect b-tagging effi-
ciency.

Benchmark Significance Benchmark Significance

B1max 46.6 B1min 1.7
B2max 42.9 B2min 1.3
B3max 2.9 B3min 1.1
B4max 3.7 B4min 2.0
B5max 3.0 B5min 3.3
B6max 3.8 B6min 4.2
B7max 5.3 B7min 1.4
B8max 7.8 B8min 1.4
B9max 5.9 B9min 1.9
B10max 4.9 B10min 3.0
B11max 2.3 B11min 2.0

4.3 Results for xSM triple Higgs boson production

Table 7 shows the significance of the analysis applied to the
22 benchmark points B1max–B11max and B1min–B11min.
The analysis has not been optimised for the specific features
of these points, but the cuts are instead applied verbatim fol-
lowing those described previously (table 2). It is quite likely,
as was shown in [44], that the h2 mass will be known during
the lifetime of the FCC-hh through the observation of reso-
nant production pp ! h2 ! h1h1.10 This information could
then be employed in the analysis to enhance the significance
of the h1h1h1 further, particularly taking into account the
“double-peak” structure that we have pointed out in subsec-
tion 4.2. Furthermore, cuts affected by the changes in the
transverse momentum distributions as well as the angular
distances can be subject to further optimisation.

Given the values of the significance that we find here,
it is conceivable that the pp ! h1h1h1 channel will play a
crucial role in understanding the extended scalar sector in
many viable scenarios of scalar gauge-singlet models that
satisfy the constraints provided by requiring a SFOEWPT.11

5 Conclusions

We have investigated triple Higgs boson production at a fu-
ture proton collider with centre-of-mass energy 100 TeV,
in the case when all three Higgs bosons decay to bottom-
anti-bottom quark pairs, producing six b-jets. We have con-
structed a detailed phenomenological hadron-level analysis
including the effects of detector geometry. This analysis was

10See also [71] for an investigation of resonant Higgs boson pair pro-
duction in the SM with an additional gauge-singlet scalar.
11We note here that the ratio of h1h1h1 to h1h1 might be interesting to
investigate in this scenario, so as to reduce theoretical uncertainties, as
was done in [72] for the case of Higgs boson pair production.

applied to two scenarios: in the first, SM-like triple Higgs
boson production, we allowed for “anomalous” modifica-
tions of the triple and quartic self-couplings independently.
For the SM point, (d4,c3) = (0,0), we demonstrated that sig-
nificances of ⇡ 2s can be obtained from the six b-jet final
state alone. Furthermore, we have shown that a constraint of
d4 & �2 could be obtained in the case that the triple cou-
pling is measured to be close to the SM value, c3 ⇠ 0. These
results are competitive with previously studied final states,
rendering the six b-jet process an important contribution to
the study of the self-couplings of the SM Higgs boson. In
the second scenario, we considered an extension of the SM
by a gauge-singlet scalar that could drive strong first-order
electroweak phase transition. We investigated the triple pro-
duction of the resulting SM-like scalar in the particular six
b-jet final state, for several well-motivated benchmark points
compatible with strong first-order electroweak phase transi-
tion, and we concluded that large significances can be ob-
tained for many of these. This motivates further study of the
triple Higgs boson process in the context of future collider
studies of scalar singlet models.

Finally, we emphasise that our conclusions are affected
by uncertainties due to the absence of higher-order calcu-
lations for several of the background processes and details
of the performance of the detector, particularly with respect
to the tagging efficiencies, acceptance rates, resolution and
triggers. Once these uncertainties have been better under-
stood, a more detailed analysis, e.g. considering the differ-
ences between the radiation pattern of the colour singlet
Higgs boson and QCD, or employing more advanced multi-
variate techniques, could lead to higher significances. Nev-
ertheless, we have demonstrated here by varying several pa-
rameters, that the six b-jet process will certainly constitute
an important component of the study of triple Higgs boson
production at a future 100 TeV hadron collider.
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Appendix A: Variations and uncertainties

In figs. 10 and 11 we show variations of the significance
on the (d4,c3)-plane with 20 ab�1, when the b-tagging ef-
ficiency is reduced from 100% (perfect), to 90% and 80%,
respectively. We also show the c3 = 0 significance over the
values of d4 in figs. 12 and 13. The equivalent constraints at
95% C.L. on d4 would then be, respectively, d4 2 [�3.6,15.2]
and d4 2 [�6.0,17.6], with 20 ab�1.

*Note: analysis applied as for SM. 

⇒ use h1h1h1 to determine model 
parameters, if a new scalar is 
discovered?

(stdevs)

hhh in the xSM and SFO-EWPT
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SM + Two Real Singlet Scalars [= TRSM]
• Let’s now consider adding two real singlet scalar fields  → the TRSM.

• And: impose discrete  symmetries:  

S, X

𝒵2 𝒵S
2 : S → − S, X → X

𝒵X
2 : X → X, S → S

 TRSM scalar potential:⇒
<latexit sha1_base64="vI/jXv0VWya+/llvoVlTzmRORlk="></latexit>

V(�, S,X) = • |�|2 +⌅|�|4 + •S2 +⌅S4 + •X2 +⌅X4

+⌅S2X2

+⌅|�|2S2 +⌅|�|2X2
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• Let’s now consider adding two real singlet scalar fields  → the TRSM.

• And: impose discrete  symmetries:  

S, X

𝒵2 𝒵S
2 : S → − S, X → X

𝒵X
2 : X → X, S → S

 TRSM scalar potential:⇒
<latexit sha1_base64="vI/jXv0VWya+/llvoVlTzmRORlk="></latexit>

V(�, S,X) = • |�|2 +⌅|�|4 + •S2 +⌅S4 + •X2 +⌅X4

+⌅S2X2

+⌅|�|2S2 +⌅|�|2X2 ← “Portal” interactions.
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SM + Two Real Singlet Scalars [= TRSM]
• Go through EWSB…

 Get three scalar bosons:  → SM-like Higgs boson.

 Seven independent parameters:  + three mixing angles + two VEVs.

 Modified/Additional interactions between scalars. 

 hhh that may even be detectable at the LHC!

⇒ h1, h2, h3 h1 ≈

⇒ M2, M3

⇒

⇒

pp → h3 → h2h1 → h1h1h1e.g.:

[AP, Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037]
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hhh in the TRSM [14 TeV]

Label (M2,M3) �(pp ! h1h1h1) �(pp ! 3bb̄)

[GeV] [fb] [fb]

A (255, 504) 32.40 6.40

B (263, 455) 50.36 9.95

C (287, 502) 39.61 7.82

D (290, 454) 49.00 9.68

E (320, 503) 35.88 7.09

F (264, 504) 37.67 7.44

G (280, 455) 51.00 10.07

H (300, 475) 43.92 8.68

I (310, 500) 37.90 7.49

J (280, 500) 40.26 7.95

Table 2. The leading-order gluon-fusion production cross sections for the pp ! h1h1h1 signal for

di↵erent realisations of BP3, depending on the masses of the scalars h2 and h3 in the region M2 >

250 GeV and M3 > 375 GeV. The given combinations of masses presented are allowed by current

constraints. The numbers correspond to a proton-proton centre-of-mass energy of
p
s = 14 TeV.

The fourth column assumes mediation via the h1h1h1 intermediate state. The statistical integration

uncertainties are smaller than the accuracy shown here.

in table 2.8 Here we have taken the branching ratio of the h1 to bb̄ to be BR
h1 ! b b̄

= 0.5824

[81]. The SM background amounts to a cross section of 6.38 pb for the 6 b-quark final state

from QCD-induced diagrams, including a K-factor of 2, typical for gluon-fusion processes.

Additional backgrounds from electroweak processes, e.g. Z b b̄ b b̄ production with Z ! bb̄,

as discussed in [78], were found to be at least two orders of magnitude lower and have not

been considered in our study. We expect that these will form a sub-dominant contribution

with respect to the QCD background after the analysis cuts are imposed.

4.3 Selection Analysis

Our analysis has been adapted from that of ref. [78]. An event is analysed if it contains

at least 6 b-tagged jets9 with a transverse momentum of at least pTmin,b = 25 GeV and a

pseudo-rapidity no greater than |⌘b,max| = 2.5. These initial cuts are further optimised for

8The widths for the three scalars have been calculated according to eq. (2.14), with SM-like widths from

[125]. We list the corresponding values in Appendix B, together with the corresponding new physics branching

ratios.
9Since the Higgs bosons are produced with transverse momenta up to O(100) GeV, i.e. comparable to their

mass, we do not expect the b-jets to frequently merge into a singlet jet and therefore we focus only on the

“resolved” 6 b-jet scenario.

– 11 –

Cross section can be much 
higher than the SM hhh! 😲
→ c.f. SM σ ~ 0.1 fb @ 14 TeV.

• Focus on a particular family of benchmark points: “BP3” in [Robens, Stefaniak, 
Wittbrodt, arXiv:908.08554].

[AP, Tania Robens, Gilberto Tetlalmatzi-Xolocotzi, arXiv:2101.00037]
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hhh in the TRSM [14 TeV]
• Look at the 6b final state, analysis similar to xSM 6b.

• Significances large even when including systematic uncert.:

[AP, Tania Robens, Gilberto 
Tetlalmatzi-Xolocotzi, 

arXiv:2101.00037]

Label (M2,M3) < PT,b �
2,(4)

< �
2,(6)

< m
inv
4b < m

inv
6b <

[GeV] [GeV] [GeV2] [GeV2] [GeV] [GeV]

A (255, 504) 34.0 10 20 - 525

B (263, 455) 34.0 10 20 450 470

C (287, 502) 34.0 10 50 454 525

D (290, 454) 27.25 25 20 369 475

E (320, 503) 27.25 10 20 403 525

F (264, 504) 34.0 10 40 454 525

G (280, 455) 26.5 25 20 335 475

H (300, 475) 26.5 15 20 352 500

I (310, 500) 26.5 15 20 386 525

J (280, 500) 34.0 10 40 454 525

Table 3. The optimised selection cuts for each of the benchmark points within BP3 shown in table 2.

The cuts not shown above are common for all points, as follows: |⌘|b < 2.35, �mmin, med, max <

[15, 14, 20] GeV, pT (hi
1) > [50, 50, 0] GeV, �R(hi

1, h
j
1) < 3.5 and �Rbb(h1) < 3.5. For some of the

points a m
inv
4b cut is not given, as this was found to not have an impact when combined with the m

inv
6b

cut.

Label (M2,M3) "Sig. S
��
300fb�1 "Bkg. B

��
300fb�1 sig|300fb�1 sig|3000fb�1

[GeV] (syst.) (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)

Table 4. The resulting selection e�ciencies, "Sig. and "Bkg., number of events, S and B for the signal

and background, respectively, and statistical significances for the sets of cuts presented in table 3. A

b-tagging e�ciency 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 significance is given at both values of the integrated luminosity excluding (including) systematic

errors in the background according to Eq. (5.1) (or Eq. (5.2) with �b = 0.1⇥ B).

– 14 –
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hhh in the TRSM [14 TeV]
• hhh will (probably) not be a discovery channel,

• but could be important in determining the parameters of the model, if scalars are discovered!

Figure 2. The expected exclusion region for the full integrated luminosity of the HL-LHC, 3000 fb�1,

through final states other than pp ! h1h1h1 as explained in the main text. Points with green circles are

expected to be excluded by ZZ final states, with red circles by h1h1 and with blue circles by W
+
W

�.

The W
+
W

� analysis excludes only very few points on the parameter space and therefore appears

infrequently in the figure. The points A–I that we have considered in our analysis of pp ! h1h1h1 are

shown in black circles overlayed on top of the circles indicating the exclusion. The two cut-out white

regions near M2 ⇠ 130 GeV and M2 ⇠ 170 GeV will remain viable at the end of the HL-LHC.

singlet scalar fields, the TRSM. Our study focused on a specific scenario, “Benchmark Plane

3” (BP3) of [24], where current experimental and theoretical constraints are satisfied on a

large portion of the plane of masses of the h2 and h3 scalars, (M2,M3). We have constructed

a Monte Carlo-level phenomenological analysis at the LHC, targeting the 6 b-jet final state

originating from the decays of the h1 scalars. Our analysis demonstrates that at an integrated

luminosity of 300 fb�1, significances of up to ⇠ 5� can be achieved for some of the chosen

benchmark points on BP3. Furthermore, with the full HL-LHC integrated luminosity of

3000 fb�1, all points that we have considered are within discovery reach, with significances

reaching up to ⇠ 16�. We have also shown that gauge or Higgs boson pair final states of the

heavy scalars h2 and h3 could probe most of the BP3.

Our results demonstrate that a combination of all of the examined processes of the present

article will be essential to discover and gain more insight into the origin of scenarios in which

– 17 –

Solve the “inverse problem”?

(→ see also: [AP, White, arXiv:2108.11394] 
for first steps in the xSM + SFO-EWPT.)
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Summary & Outlook

A. Papaefstathiou

phenomenological  
projections

7

• search for hh at LHC14 in final states:

hh ! (bb̄)(⌧+⌧�)

hh ! (bb̄)(��)

hh ! (bb̄)(W+W�)

hh ! (bb̄)(bb̄)

(+) (-)
low bkgs, large BR τ-tagging

v. low bkgs, mγγ low σ and j-to-γ 

leptons+Emiss tt̄

highest BR (~1/3) QCD

• discovery of SM signal at high-lumi LHC (3000 fb-1) 
seems very likely!

• hhh is one of the best ways to probe the Higgs quartic coupling 
@pp colliders.

• Extremely rare within the SM → a 100 TeV SM measurement.

• New singlets may help explain matter-anti-matter asymmetry of the universe.

• Their existence will modify/generate scalar couplings and can enhance multi-
Higgs boson production.

• Measurement of hhh within models with extra scalars → an avenue for solving the 
inverse problem in case of discovery.

 Towards a reconstruction of the scalar potential!⇒
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@pp colliders.

• Extremely rare within the SM → a 100 TeV SM measurement.

• New singlets may help explain matter-anti-matter asymmetry of the universe.

• Their existence will modify/generate scalar couplings and can enhance multi-
Higgs boson production.

• Measurement of hhh within models with extra scalars → an avenue for solving the 
inverse problem in case of discovery.

 Towards a reconstruction of the scalar potential!⇒ Thanks!
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V(h) � �SMv0(1 + c3)h
3 +

1

4
�SM(1 + d4)h

4
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Fig. 3: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model,
taken from [19]. The vertices highlighted with blobs indicate either triple (blue) or quartic (red) self-coupling contributions.
In the (c3,d4) model, diagram (a) produces matrix elements unmodified by the anomalous couplings (at this order) (b)
produce terms µ (1 + c3), diagram (c) µ (1 + d4) and diagram (d) µ (1 + c3)2. The interference of such diagrams produces
the terms that appear in eq. 4.

Fig. 4: The cross section for triple Higgs production
with modified self-couplings (l4 = lSM(1 + d4) and l3 =
lSM(1 + c3)) at the FCC-hh at 100 TeV, normalised to the
SM value. The black star indicates the SM point.

theory (EFT) at D = 6, setting the relation d4 = 6c3, one
reproduces to a good approximation, the fit of [19].7

We show in fig. 5 the normalised invariant mass distri-
bution for the triple Higgs boson system for a few extreme
values of the modifications of the quartic or triple coupling.
It is clear that the anomalous couplings can modify sub-
stantially not only the cross section but also the distribu-
tions. This implies that for the same analysis cuts, the ef-
ficiency values will vary across the (c3,d4)-plane. The ef-
ficiency ranges from ⇠ 0.5% to ⇠ 2%. A fit of the analy-
sis efficiency e(� 0), for the cuts given in table 2, over the

7We have chosen to keep the double insertions of the corrections to the
triple self-coupling at the matrix-element level, despite the fact that,
strictly speaking, one would be required to include operators of higher
dimensionality than D = 6 in that case. The necessity of the inclusion
of higher-dimensional operators depends on the specific assumptions
on their scaling behaviour with energy. We refer the reader to a general
discussion of the validity of EFT on SM precision tests in [63].

Fig. 5: The invariant mass of three Higgs bosons in
triple Higgs production in the SM and with modified self-
couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at the
FCC-hh at 100 TeV, reconstructed from Monte Carlo truth
with no cuts applied.

(c3,d4)-plane yields:

e(c3,d4) =
⇥
0.01⇥ c4

3 �0.01⇥ c3
3

+ 0.00⇥ c2
3d4 �0.10⇥ c2

3

+ 0.00⇥d2
4 �0.00⇥ c3d4

� 0.02⇥d4 +0.20⇥ c3 +1.31]% , (5)

where some coefficients are zero up to the uncertainty ob-
tained by the Monte Carlo sample employed. The cross sec-
tion after cuts over the (c3,d4)-plane can be obtained by con-
volving eqs. 4 and 5.

3.2 Background processes

Some of the background processes will be affected at the or-
der we are considering by the rescaling of the self-couplings
of eq. 3, an effect that should be taken into account in a fu-
ture analysis. However, we found that the processes that are
affected at leading order by the anomalous couplings, i.e.
those of the form hh+X , where X = Z or bb̄, constitute sub-
permille contributions to the sum of all backgrounds after
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We show in fig. 5 the normalised invariant mass distri-
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where some coefficients are zero up to the uncertainty ob-
tained by the Monte Carlo sample employed. The cross sec-
tion after cuts over the (c3,d4)-plane can be obtained by con-
volving eqs. 4 and 5.

3.2 Background processes

Some of the background processes will be affected at the or-
der we are considering by the rescaling of the self-couplings
of eq. 3, an effect that should be taken into account in a fu-
ture analysis. However, we found that the processes that are
affected at leading order by the anomalous couplings, i.e.
those of the form hh+X , where X = Z or bb̄, constitute sub-
permille contributions to the sum of all backgrounds after
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Fig. 3: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model,
taken from [18]. The vertices highlighted with blobs indicate either triple (blue) or quartic (red) self-coupling contributions.
In the (c3,d4) model, diagram (a) produces matrix elements unmodified by the anomalous couplings (at this order) (b)
produce terms µ (1 + c3), diagram (c) µ (1 + d4) and diagram (d) µ (1 + c3)2. The interference of such diagrams produces
the terms that appear in eq. 4.
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with modified self-couplings (l4 = lSM(1 + d4) and l3 =
lSM(1 + c3)) at the FCC-hh at 100 TeV, normalised to the
SM value. The black star indicates the SM point.
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where some coefficients are zero up to the uncertainty ob-
tained by the Monte Carlo sample employed. The cross sec-
tion after cuts over the (c3,d4)-plane can be obtained by con-
volving eqs. 4 and 5.

3.2 Background processes

Some of the background processes will be affected at the or-
der we are considering by the rescaling of the self-couplings
of eq. 3, an effect that should be taken into account in a fu-
ture analysis. However, we found that the processes that are

Fig. 5: The invariant mass of three Higgs bosons in
triple Higgs production in the SM and with modified self-
couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at the
FCC-hh at 100 TeV, reconstructed from Monte Carlo truth
with no cuts applied.

affected at leading order by the anomalous couplings, i.e.
those of the form hh+X , where X = Z or bb̄, constitute sub-
permille contributions to the sum of all backgrounds after
our analysis cuts are applied (see results of table 3). There-
fore we do not consider these variations in our analysis, in-
stead only considering their SM counterparts as an order-of-
magnitude estimate.

It is also evident that in table 3 we have only included
irreducible processes, those that are identical at parton level
in flavour content to the signal: (bb̄)(bb̄)(bb̄). As discussed
previously, the degree of the contamination from reducible
backgrounds, those that come from the mis-identification of
light jets or charm-jets to b-jets, can be estimated by assum-
ing that the efficiency of the analysis is identical to that of
the equivalent irreducible ones. Explicitly, we will assume
e.g. that the probability of a (bb̄)(bb̄)(cc̄) event passing the
analysis cuts is identical to (bb̄)(bb̄)(bb̄), multiplied by the
probability that two charm jets are mis-identified as b-jets.
We will assume that the probability of a charm-jet being
mis-identified as b-jet is Pc!b = 0.1 and that of light jets is

*notice the x-y scale difference!

total cross section (norm. to SM)
in (c3,d4)-plane 

[pp@100 TeV]

[AP, Tetlalmatzi-Xolocotzi, Zaro, 1909.09166]
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fitted cross section (norm. to SM) over (c3,d4). [pp@100 TeV]
[AP, Tetlalmatzi-Xolocotzi, Zaro, 1909.09166]

�(c3, d4)hhh
�(SM)hhh

� 1 = 0.0309⇥ c43 � 0.2079⇥ c33

+0.0407⇥ c23d4 + 0.7384⇥ c23

+0.0156⇥ d24 � 0.1450⇥ c3d4

�0.1078⇥ d4 � 0.6887⇥ c3
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[AP, Sakurai, 1508.06524]

→ AP, Sakurai, 1508.06524, Chen, 
Yan, Zhao, Zhao, Zhong, 
1510.04013, Fuks, Kim, Lee, 
1510.07697.

→ Fuks, Kim, Lee, 1510.07697, 
Fuks, Kim, Lee, 1704.04298.

hhh ! final state BR (%) N20ab�1

(bb̄)(bb̄)(bb̄) 19.21 22207
(bb̄)(bb̄)(WW1`) 7.20 8328
(bb̄)(bb̄)(⌧ ⌧̄) 6.31 7297
(bb̄)(⌧ ⌧̄)(WW1`) 1.58 1824
(bb̄)(bb̄)(WW2`) 0.98 1128
(bb̄)(WW1`)(WW1`) 0.90 1041
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.69 799
(bb̄)(bb̄)(��) 0.23 263

<latexit sha1_base64="52WWdFCKGlM6tATxx2syqO95Ank="></latexit>

→Kilian, Sun, Yan, Zhao, Zhao, 
1702.03554.

Assume: K-factor = 2.
[Maltoni, Vryonidou, Zaro, 1408.6542 ]
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[AP, Sakurai, 1508.06524]

→ AP, Sakurai, 1508.06524, Chen, 
Yan, Zhao, Zhao, Zhong, 
1510.04013, Fuks, Kim, Lee, 
1510.07697.

→ Fuks, Kim, Lee, 1510.07697, 
Fuks, Kim, Lee, 1704.04298.

hhh ! final state BR (%) N20ab�1

(bb̄)(bb̄)(bb̄) 19.21 22207
(bb̄)(bb̄)(WW1`) 7.20 8328
(bb̄)(bb̄)(⌧ ⌧̄) 6.31 7297
(bb̄)(⌧ ⌧̄)(WW1`) 1.58 1824
(bb̄)(bb̄)(WW2`) 0.98 1128
(bb̄)(WW1`)(WW1`) 0.90 1041
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.69 799
(bb̄)(bb̄)(��) 0.23 263

<latexit sha1_base64="52WWdFCKGlM6tATxx2syqO95Ank="></latexit>

→Kilian, Sun, Yan, Zhao, Zhao, 
1702.03554.

→ *THIS TALK*
AP, Tetlalmatzi-Xolocotzi, Zaro, 1909.09166.

Assume: K-factor = 2.
[Maltoni, Vryonidou, Zaro, 1408.6542 ]
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After EWSB, mixing between the states h and s is
induced by both the Higgs portal parameters a1, a2 and
the singlet vev with the mass-squared matrix
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with m
2

hs being responsible for the singlet-doublet mix-
ing. The corresponding mass eigenstates are given by

h1 = h cos ✓ + s sin ✓

h2 = �h sin ✓ + s cos ✓ (6)

where h1 (h2) is the more SU(2)L-like (singlet-like) scalar
and the mixing angle ✓ is most easily defined in terms of
the mass eigenvalues,
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(m2

1
�m

2
2
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The SU(2)L-like scalar eigenstate h1 is considered the
lighter eigenstate and identified with the observed Higgs
boson at the LHC [1, 2], so we set m1 = 125 GeV. Ac-
cording to Eq. (6), the couplings of h1 and h2 to all SM
states are simply rescaled versions of SM Higgs couplings,
i.e.,

gh1XX = cos ✓ g
SM

hXX , gh2XX = sin ✓ g
SM

hXX (9)

with XX representing any SM final state. The mixing
angle is thus constrained by measurements of Higgs signal
strengths, oblique parameters, and direct heavy SM-like
Higgs searches. A SFOEWPT requires m

2

hs < 0 and
correspondingly sin 2✓ > 0.

In this work, we concentrate on the kinematic regime
in which resonant di-Higgs production occurs, which we
take to be 2m1  m2  1 TeV. In this case, h1 has
no new scalar decay modes, which implies that all signal
rates associated with Higgs measurements are functions
of the mixing angle only:

µh1!XX =
� · BR

�SM · BRSM
= cos2 ✓ (10)

where � is the production cross section and BR is the
branching ratio (equal to BRSM in the absence of new
h1 scalar decay modes). The current limit from Higgs
measurements, obtained by performing a global �2 fit to

data from both ATLAS and CMS, is | cos ✓| >⇠ 0.85 [16].
Estimated sensitivities to the mixing angle from future
collider experiments may also be obtained using a simple
�
2-method (see [16, 28] for details). As in [16], we derive

projected sensitivities for the high luminosity LHC (
p
s

= 14 TeV, 3 ab�1), the ILC (ILC-1:
p
s = 250 GeV,

250 fb�1 and ILC-3:
p
s = 1 TeV, 1 ab�1), and a future

circular e+e� collider (
p
s = 240 GeV, 1 ab�1), shown in

Fig. 1 (left) as black, blue, and red vertical lines respec-
tively.
The e↵ects of the xSM on electroweak precision ob-

servables and the W -boson mass are characterized by the
oblique parameters S, T , and U . From Eq. (6), the shift
in any oblique parameter, O, can be written entirely in
terms of the SM Higgs contribution to that parameter,
O

SM (m), where m is either m1 or m2. These shifts then
take the form

�O = (cos2 ✓ � 1)OSM (m1) + sin2 ✓ O
SM (m2)

= sin2 ✓
�
O

SM (m2)�O
SM (m1)

�
, (11)

where it is clear that the corresponding constraint is sig-
nificantly enhanced in the high mass region. We take the
best fit values for the shifts, �O, from the most recent
post-Higgs-discovery electroweak fit to the SM by the
Gfitter group [29] and perform a global �2 fit, including
all correlations, to this data (for details, see [16]). The
95% C.L. allowed region in the (cos ✓,m2) plane is shown
in Fig. 1 (left) as the beige shaded region.
LHC searches for a heavy SM-like Higgs boson also pro-

vide a probe of h2 since it will decay to all SM Higgs bo-
son decay products as well as to h1 pairs (for m2 > 2m1).
In particular, the ATLAS [30, 31] and CMS [32, 33] Col-
laborations have performed searches for SM-like heavy
Higgs bosons in the mass range 145-1000 GeV focusing
on WW and ZZ final states, placing limits on the corre-
sponding signal rate at the 95% C.L.
All production modes for h2 are inherited entirely from

mixing and, thus, sin ✓ fully controls the production cross
section with respect to (w.r.t.) its SM value. In contrast,
in the kinematic regime where resonant di-Higgs produc-
tion is allowed, the new scalar decay mode h2 ! h1h1

yields a modification of all the h2 branching fractions
w.r.t. their SM values. This new decay mode is depen-
dent on the trilinear coupling

�211 =
1

4

⇥
(a1 + 2a2x0) cos

3
✓ + 4v0(a2 � 3�) cos2 ✓ sin ✓

+(a1 + 2a2x0 � 2b3 � 6b4x0) cos ✓ sin
2
✓ � 2a2v0 sin

3
✓
⇤

(12)

and, along with the sin2 ✓ rescaling, modifies the rate
associated with the heavy Higgs production and decay.
The partial width �h2!h1h1 is given by

�h2!h1h1 =
�
2
211

q
1� 4m2

1
/m

2

2

8⇡m2

. (13)
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the mass eigenvalues,
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The SU(2)L-like scalar eigenstate h1 is considered the
lighter eigenstate and identified with the observed Higgs
boson at the LHC [1, 2], so we set m1 = 125 GeV. Ac-
cording to Eq. (6), the couplings of h1 and h2 to all SM
states are simply rescaled versions of SM Higgs couplings,
i.e.,

gh1XX = cos ✓ g
SM

hXX , gh2XX = sin ✓ g
SM

hXX (9)

with XX representing any SM final state. The mixing
angle is thus constrained by measurements of Higgs signal
strengths, oblique parameters, and direct heavy SM-like
Higgs searches. A SFOEWPT requires m

2

hs < 0 and
correspondingly sin 2✓ > 0.

In this work, we concentrate on the kinematic regime
in which resonant di-Higgs production occurs, which we
take to be 2m1  m2  1 TeV. In this case, h1 has
no new scalar decay modes, which implies that all signal
rates associated with Higgs measurements are functions
of the mixing angle only:

µh1!XX =
� · BR

�SM · BRSM
= cos2 ✓ (10)

where � is the production cross section and BR is the
branching ratio (equal to BRSM in the absence of new
h1 scalar decay modes). The current limit from Higgs
measurements, obtained by performing a global �2 fit to

data from both ATLAS and CMS, is | cos ✓| >⇠ 0.85 [16].
Estimated sensitivities to the mixing angle from future
collider experiments may also be obtained using a simple
�
2-method (see [16, 28] for details). As in [16], we derive

projected sensitivities for the high luminosity LHC (
p
s

= 14 TeV, 3 ab�1), the ILC (ILC-1:
p
s = 250 GeV,

250 fb�1 and ILC-3:
p
s = 1 TeV, 1 ab�1), and a future

circular e+e� collider (
p
s = 240 GeV, 1 ab�1), shown in

Fig. 1 (left) as black, blue, and red vertical lines respec-
tively.
The e↵ects of the xSM on electroweak precision ob-

servables and the W -boson mass are characterized by the
oblique parameters S, T , and U . From Eq. (6), the shift
in any oblique parameter, O, can be written entirely in
terms of the SM Higgs contribution to that parameter,
O

SM (m), where m is either m1 or m2. These shifts then
take the form
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where it is clear that the corresponding constraint is sig-
nificantly enhanced in the high mass region. We take the
best fit values for the shifts, �O, from the most recent
post-Higgs-discovery electroweak fit to the SM by the
Gfitter group [29] and perform a global �2 fit, including
all correlations, to this data (for details, see [16]). The
95% C.L. allowed region in the (cos ✓,m2) plane is shown
in Fig. 1 (left) as the beige shaded region.
LHC searches for a heavy SM-like Higgs boson also pro-

vide a probe of h2 since it will decay to all SM Higgs bo-
son decay products as well as to h1 pairs (for m2 > 2m1).
In particular, the ATLAS [30, 31] and CMS [32, 33] Col-
laborations have performed searches for SM-like heavy
Higgs bosons in the mass range 145-1000 GeV focusing
on WW and ZZ final states, placing limits on the corre-
sponding signal rate at the 95% C.L.
All production modes for h2 are inherited entirely from

mixing and, thus, sin ✓ fully controls the production cross
section with respect to (w.r.t.) its SM value. In contrast,
in the kinematic regime where resonant di-Higgs produc-
tion is allowed, the new scalar decay mode h2 ! h1h1

yields a modification of all the h2 branching fractions
w.r.t. their SM values. This new decay mode is depen-
dent on the trilinear coupling
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2.4 Analysis details

We give here the details of the phenomenological hadron-
level analysis that are common between the different new
physics scenarios that we consider.

We ask for the events to contain exactly six identified
b-jets with transverse momentum pT > 45 GeV. We ask for
these jets to lie within a pseudo-rapidity of |h | < 3.2 and
we also ask for the distance between any two b-jets to sat-
isfy DR > 0.3. The latter choice is simply to bring all pro-
cesses on equal footing, given that the backgrounds that con-
tain QCD-initiated b-quarks also obey a generation-level cut
of DR > 0.2. We consider the potential impact of reducing
the pseudo-rapidity coverage for the identified b-jets on our
conclusions in Appendix A. For each of the 15 possible ar-
rangements I = {i j,kl,mn} of the six b-jets into pairs we
construct the observable:

c2 = Â
qr2pairings I

(Mqr �m2
h)

2 , (2)

where Mqr is the invariant mass of the b-jet pairing qr in the
arrangement of pairings I and mh is the Higgs boson mass.
Given that it is challenging to determine experimentally the
charge of the b-quarks that initiated the b-jets, we consider
the minimisation of the c2 observable over all the possible
pairings. The arrangement of pairings I that gives the min-
imum of c2, which we call c2

min, defines the three “recon-
structed Higgs bosons”, hi

r, for i = {1,2,3}. For this spe-
cific combination we calculate the absolute difference with
the Higgs mass and order from smallest to larger: (Dmmin,
Dmmid, Dmmax). We impose cuts on the observables

q
c2

min,
Dmmin, Dmmid and Dmmax. Furthermore, we impose cuts on
the transverse momentum of the hardest, second hardest and
softest reconstructed Higgs boson, pT (hi

r) for i = {1,2,3}.
We also impose cuts on the distances between the recon-
structed Higgs bosons, DR(hi

r,h
j
r). Finally, we ask for the

distances between the two b-jets that comprise the recon-
structed Higgs bosons, DRbb(hi), to satisfy certain upper
bounds. The values of the cuts on these observables are sum-
marised in table 2.6

3 Standard Model-like triple Higgs boson production

3.1 Anomalous self-couplings

We first consider a scenario in which the triple and quar-
tic couplings are modified independently of each other. This

6We note that the invariant masses Mhh and Mhhh, presented in sub-
section 2.2 for the SM case, could also prove useful in discriminating
the signal from the backgrounds. However, they would also provide a
method of distinguishing between different new physics scenarios and
hence we chose not to impose any cuts in our analysis.

Table 2: The cuts that comprise the phenomenological anal-
ysis at hadron level.

observable cut

pT,b > 45 GeV
|hb| < 3.2
DRb,b > 0.3
pT (hi) > [170,120,0] GeV, i = 1,2,3
c2

min < 17 GeV
Dmmin, mid, max < 8,8,11 GeV
DR(hi

r,h
j
r) < [3.5,3.5,3.5], (i, j) = [(1,2),(1,3),(2,3)]

DRbb(hi) < [3.5,3.5,3.5], i = 1,2,3

“agnostic” anomalous coupling approach does not necessar-
ily represent a physically viable theory, but allows for an
investigation of the possible constraints that can be obtained
for SM-like triple Higgs boson production. We thus consider
interactions of the form:

V (h) =
1
2

m2
hh2 +lSM(1+ c3)v0h3 +

1
4

lSM(1+d4)h4 , (3)

where the coefficients c3 and d4 represent the modifications
of the triple and quartic Higgs boson self-interactions re-
spectively. Assuming that the Yukawa couplings to the top
and bottom quarks remain unchanged, these interactions will
induce changes to the main production channel for triple
Higgs boson production, that proceeds through gluon fu-
sion, mediated by heavy quark loops. Example Feynman di-
agrams are shown in fig. 3, together with their scaling with
the coefficients c3 and d4.

In fig. 4 we show a variation of the cross section at a 100
TeV proton collider, normalised to the SM value. Evidently,
variations of the triple self-coupling via c3 produce larger
changes than equivalent variations with d4. A fit of the cross
section on this plane yields a polynomial in c3 and d4 which
is quartic in c3 and quadratic in d4. This is because there
exist diagrams with two insertions of the triple self-coupling
c3 in triple Higgs boson production (diagram 3d), whereas
there are only diagrams with at most a single insertion of
d4 (diagram 3c) at this order. The dependence of the cross
section on c3 and d4, normalised to the SM cross section,
was fitted as:

s(c3,d4)hhh

s(SM)hhh
�1 = 0.0309⇥ c4

3 �0.2079⇥ c3
3

+ 0.0407⇥ c2
3d4 +0.7384⇥ c2

3

+ 0.0156⇥d2
4 �0.1450⇥ c3d4

� 0.1078⇥d4 �0.6887⇥ c3 . (4)

The formula above can be used to estimate the cross sec-
tion in any model with SM-like Higgs boson triple produc-
tion. For example, in the context of the SM effective field

the three terms in χ2min.

r
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Constraints on the (c3,d4)-plane
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Fig. 6: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
self-couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at
the FCC-hh at 100 TeV. We have assumed an integrated lu-
minosity of 20 ab�1 and perfect b-tagging. The black star
indicates the SM point.

Fig. 7: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
quartic self-coupling (l4 = lSM(1 + d4)) and no modifica-
tion to the triple self-coupling (c3 = 0) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab�1

and perfect b-tagging. The red dashed lines indicate the 2s
points for the constraints on d4.

icant contribution to the study of triple Higgs boson pro-
duction. As a concrete example, a direct comparison with
fig. 6 of Ref. [19], examining the hhh ! (bb̄)(bb̄)(gg) final
state demonstrates this. Full comparisons should performed
with equivalent assumptions on detector performance and
collider integrated luminosity in future studies.

Given that the constraints on the triple self-coupling at
the FCC-hh will reach the percent level, we also consider a
scenario in which c3 = 0, allowing for variations of the quar-
tic self-coupling through d4. The resulting one-dimensional
significance is shown in fig. 7 for the case of perfect b-
tagging. The constraint in this scenario would then be, at
95% confidence level (i.e. 2s ), d4 2 [�1.7,13.3] as indi-
cated by the red dashed lines in the figure. We defer the
equivalent plots with reduced b-tagging efficiencies and the
range of the pseudorapidity of b-tagging to Appendix A. We
note that the significance for the SM triple Higgs boson pro-
duction (d4 = 0,c3 = 0) is ⇠ 1.7s , up to the Monte Carlo
uncertainties.

4 Triple Higgs boson production in the presence of a

singlet scalar

The discussion of the so-called xSM and the study of this
section follows from [44]. A more detailed discussion of the
model and its relation to strong first-order electroweak phase
transition is discussed therein. See also [66] for a similar
study.

4.1 The xSM

The most general form of the xSM that depends on the Higgs
doublet, H, and a gauge-singlet scalar, S, is given by (see,
e.g. [38, 40, 44, 67, 68]):

V (H,S) = � µ2(H†H)+l (H†H)2 +
a1

2
(H†H)S (6)

+
a2

2
(H†H)S2 +

b2

2
S2 +

b3

3
S3 +

b4

4
S4 ,

where the interactions proportional to a1,2 constitute the Higgs
“portal” that links the SM with the singlet scalar. We follow
the study of [44] in retaining all of the parameters, i.e. we
do not impose a Z2 symmetry that would preclude terms of
odd powers of S.

After EWSB, the Higgs doublet and the singlet scalar
both attain vevs: H ! (v0 + h)/

p
(2), with v0 ' 246 GeV

and S ! x0 +s. Inevitably, the two states h and s mix through
both the Higgs portal parameters a1 and a2 as well as the
singlet vev. Diagonalising the mass matrix, one obtains two
eigenstates, denoted by h1 and h2, where:

h1 = hcosq + ssinq , (7)
h2 = �hsinq + scosq .

where q is a mixing angle that can be expressed in terms of
the parameters of the model. For q ⇠ 0, h1 ⇠ h and h2 ⇠ s.
We will identify the eigenstate h1 with the state observed at
the LHC, and hence set m1 = 125 GeV.

*note perfect b-jet tagging.

[AP, Tetlalmatzi-Xolocotzi, 
Zaro, 1909.09166]
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and S ! x0 +s. Inevitably, the two states h and s mix through
both the Higgs portal parameters a1 and a2 as well as the
singlet vev. Diagonalising the mass matrix, one obtains two
eigenstates, denoted by h1 and h2, where:

h1 = hcosq + ssinq , (7)
h2 = �hsinq + scosq .

where q is a mixing angle that can be expressed in terms of
the parameters of the model. For q ⇠ 0, h1 ⇠ h and h2 ⇠ s.
We will identify the eigenstate h1 with the state observed at
the LHC, and hence set m1 = 125 GeV.

*note perfect b-jet tagging.

SM significance ~ 1.7σ

[AP, Tetlalmatzi-Xolocotzi, 
Zaro, 1909.09166]
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Fig. 6: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
self-couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at
the FCC-hh at 100 TeV. We have assumed an integrated lu-
minosity of 20 ab�1 and perfect b-tagging. The black star
indicates the SM point.

Fig. 7: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
quartic self-coupling (l4 = lSM(1 + d4)) and no modifica-
tion to the triple self-coupling (c3 = 0) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab�1

and perfect b-tagging. The red dashed lines indicate the 2s
points for the constraints on d4.

icant contribution to the study of triple Higgs boson pro-
duction. As a concrete example, a direct comparison with
fig. 6 of Ref. [19], examining the hhh ! (bb̄)(bb̄)(gg) final
state demonstrates this. Full comparisons should performed
with equivalent assumptions on detector performance and
collider integrated luminosity in future studies.

Given that the constraints on the triple self-coupling at
the FCC-hh will reach the percent level, we also consider a
scenario in which c3 = 0, allowing for variations of the quar-
tic self-coupling through d4. The resulting one-dimensional
significance is shown in fig. 7 for the case of perfect b-
tagging. The constraint in this scenario would then be, at
95% confidence level (i.e. 2s ), d4 2 [�1.7,13.3] as indi-
cated by the red dashed lines in the figure. We defer the
equivalent plots with reduced b-tagging efficiencies and the
range of the pseudorapidity of b-tagging to Appendix A. We
note that the significance for the SM triple Higgs boson pro-
duction (d4 = 0,c3 = 0) is ⇠ 1.7s , up to the Monte Carlo
uncertainties.

4 Triple Higgs boson production in the presence of a

singlet scalar

The discussion of the so-called xSM and the study of this
section follows from [44]. A more detailed discussion of the
model and its relation to strong first-order electroweak phase
transition is discussed therein. See also [66] for a similar
study.

4.1 The xSM

The most general form of the xSM that depends on the Higgs
doublet, H, and a gauge-singlet scalar, S, is given by (see,
e.g. [38, 40, 44, 67, 68]):

V (H,S) = � µ2(H†H)+l (H†H)2 +
a1

2
(H†H)S (6)

+
a2

2
(H†H)S2 +

b2

2
S2 +

b3

3
S3 +

b4

4
S4 ,

where the interactions proportional to a1,2 constitute the Higgs
“portal” that links the SM with the singlet scalar. We follow
the study of [44] in retaining all of the parameters, i.e. we
do not impose a Z2 symmetry that would preclude terms of
odd powers of S.

After EWSB, the Higgs doublet and the singlet scalar
both attain vevs: H ! (v0 + h)/

p
(2), with v0 ' 246 GeV

and S ! x0 +s. Inevitably, the two states h and s mix through
both the Higgs portal parameters a1 and a2 as well as the
singlet vev. Diagonalising the mass matrix, one obtains two
eigenstates, denoted by h1 and h2, where:

h1 = hcosq + ssinq , (7)
h2 = �hsinq + scosq .

where q is a mixing angle that can be expressed in terms of
the parameters of the model. For q ⇠ 0, h1 ⇠ h and h2 ⇠ s.
We will identify the eigenstate h1 with the state observed at
the LHC, and hence set m1 = 125 GeV.

*note perfect b-jet tagging.

SM significance ~ 1.7σ

& if c3 = 0 ⇒ d4 ∈ [-1.7, 13.3]
@ 95% C.L.

[AP, Tetlalmatzi-Xolocotzi, 
Zaro, 1909.09166]
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Fig. 10: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
self-couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at
the FCC-hh at 100 TeV. We have assumed an integrated lu-
minosity of 20 ab�1 and b-tagging efficiency of 90%. The
black star indicates the SM point.

Fig. 11: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
self-couplings (l4 = lSM(1 + d4) and l3 = lSM(1 + c3)) at
the FCC-hh at 100 TeV. We have assumed an integrated lu-
minosity of 20 ab�1 and b-tagging efficiency of 80%. The
black star indicates the SM point.

Fig. 12: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
quartic self-coupling (l4 = lSM(1 + d4)) and no modifica-
tion to the triple self-coupling (c3 = 0) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab�1

and b-tagging of 90%. The red dashed lines indicate the 2s
points for the constraints on d4.

Fig. 13: The significance for our analysis of triple Higgs bo-
son production in the (bb̄)(bb̄)(bb̄) final state with modified
quartic self-coupling (l4 = lSM(1 + d4)) and no modifica-
tion to the triple self-coupling (c3 = 0) at the FCC-hh at 100
TeV. We have assumed an integrated luminosity of 20 ab�1

and b-tagging of 80%. The red dashed lines indicate the 2s
points for the constraints on d4.

The FCC-hh detector coverage over which b-jets will be
tagged might also be tighter. Maintaining perfect b-tagging
within the restricted region, with the given set of cuts, we
apply |hb| < 2.5 instead of |hb| < 3.2. The 95% C.L. con-
straint on d4 in this case would be slightly shifted, yielding
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The FCC-hh detector coverage over which b-jets will be
tagged might also be tighter. Maintaining perfect b-tagging
within the restricted region, with the given set of cuts, we
apply |hb| < 2.5 instead of |hb| < 3.2. The 95% C.L. con-
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imperfect b-tagging and reduced coverage

• For perfect b-tagging and |ηb| < 3.2: 

• SM significance ~ 1.7σ, & if c3 = 0 ⇒ d4 ∈ [-1.7, 13.3].

• for b-tagging at 90%, 80%, respectively:

• if c3 = 0 ⇒ d4 ∈ [-3.6, 15.2].

• if c3 = 0 ⇒ d4 ∈ [-6.0, 17.6].

• if |ηb| < 2.5:

• SM significance ~ 1.3σ, & if c3 = 0 ⇒ d4 ∈ [-3.1, 14.2].
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higher-order uncertainties
• If K-factors for tree-level backgrounds = 2:

• SM significance ~ 1.7σ.

• If K=3:

• SM significance ~ 1.3σ.

• if K=1.5:

• SM significance ~ 1.9σ.

• Note that shape uncertainties can also be important but complex to assess at this point. 
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FIG. 1: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

FIG. 2: Total cross section ratio normalised to the Standard
Model values for gluon-fusion-initiated triple Higgs produc-
tion at 100 TeV obtained by varying the c3 and d4 parameters
independently (see Eq. 1). The Higgs boson mass was fixed
to mh = 125 GeV. The SM cross section at leading order is
⇠ 2.88 fb. The NNPDF23 nlo as 0119 parton density function
set was used.

If we apply further requirements to the final states
listed in Table I:

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

III. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-
dorapidities.† We also consider the mis-tagging of two
light jets to bottom-quark-initiated jets with a flat prob-
ability of 1% for each mis-tag, corresponding to a flat
b-jet identification rate of 80% and demand that they lie
within |⌘| < 3.0. We demand all photons to be isolated,
an isolated photon having

P
i pT,i less than 15% of its

transverse momentum in a cone of �R = 0.2 around it.
Finally, no detector-smearing e↵ects have been consid-
ered.

B. Event generation

Events for the hhh signal samples have been gen-
erated via the loop-induced module of the MadGraph
5/aMC@NLO package [84–88]. The SM loop model present
in MadGraph 5/aMC@NLO was modified to allow for de-
formations of the Higgs boson triple and quartic self-
couplings away from the SM values. All tree-level and
next-to-leading order (i.e. matched via the MC@NLO
method [89]) background processes have been gener-
ated using MadGraph 5/aMC@NLO, apart from the di-
Higgs plus jets (hh + jets) background, which was simu-
lated using HERWIG++ in conjunction with the OpenLoops

†
Note that the HL-LHC expectation has the approximate form

Pj!� = 0.0093 ⇥ e
�0.036pTj/GeV

[78]. For a pT ⇠ 40 GeV, this

gives approximately Pj!� ⇠ 2 ⇥ 10
�3

. Thus, the value employed

here is expected to be a reasonable approximation to future detec-

tor performance.
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Table 3: The processes considered in the six b-jet analysis, for the Standard Model. The second column shows the generation-
level cross sections with the cuts (if any) as given in the main text. The Z bosons were decayed at generation level and hence
the cross section is given with the Z branching ratios applied. The third column shows the starting cross section for the
analysis, including the branching ratio to (bb̄)(bb̄)(bb̄), with a flat K-factor of K = 2.0 applied to all tree-level processes as
an estimate of the expected increase in cross section from leading order to next-to-leading order. The fourth column gives
the analysis efficiency and the final column gives the expected number of events at 20 ab�1 of integrated luminosity at 100
TeV. The results are given for perfect b-jet tagging efficiency. The label “ggF” implies that it is gluon-fusion initiated.

Process sGEN (pb) sNLO ⇥BR (pb) eanalysis Ncuts
20 ab�1

hhh (SM) 2.88⇥10�3 1.06⇥10�3 0.0131 278

QCD (bb̄)(bb̄)(bb̄) 26.15 52.30 2.6⇥10�5 27116
qq̄ ! hZZ ! h(bb̄)(bb̄) 8.77⇥10�4 4.99⇥10�4 1.8⇥10�4 ⇠ 2
qq̄ ! ZZZ ! (bb̄)(bb̄) 7.95⇥10�4 7.95⇥10�4 1.2⇥10�5 < 1
ggF hZZ ! h(bb̄)(bb̄) 1.08⇥10�4 1.23⇥10�4

O(10�3) ⇠ 2
ggF ZZZ ! (bb̄)(bb̄) 1.36⇥10�5 2.73⇥10�5 2⇥10�5 ⌧ 1
h(bb̄)(bb̄) 1.46⇥10�2 1.66⇥10�2 5.4⇥10�4 179
hh(bb̄) 1.40⇥10�4 9.11⇥10�5 2.8⇥10�4 ⇠ 1
hhZ ! hh(bb̄) 4.99⇥10�3 1.61⇥10�3 7.2⇥10�4 23
hZ(bb̄) ! h(bb̄)(bb̄) 9.08⇥10�3 1.03⇥10�2 1.4⇥10�4 29
ZZ(bb̄) ! (bb̄)(bb̄)(bb̄) 2.87⇥10�2 5.74⇥10�2 1⇥10�5 11
Z(bb̄)(bb̄) ! (bb̄)(bb̄)(bb̄) 0.93 1.87 3⇥10�5 1121

Â backgrounds 2.8⇥104

Table 4: The reducible background processes considered
in the six b-jet analysis. The second column shows the
generation-level cross sections with the cuts identical to the
ones applied to the irreducible processes (table 2). The third
column shows the cross section after the mis-tagging rates
have been applied. We only consider processes equivalent
to QCD 6 b-jet production. We do not consider process that
contain mis-tagged light and charm jets at the same time.

process sGEN (pb) sGEN ⇥P(6 b� jets) (pb)

(bb̄)(bb̄)(cc̄) 76.8 0.768
(bb̄)(cc̄)(cc̄) 75.6 0.00756
(cc̄)(cc̄)(cc̄) 22.5 22.5⇥10�5

(bb̄)(bb̄)( j j) 1.32⇥104 1.32
(bb̄)( j j)( j j) 9.79⇥195 0.00979
( j j)( j j)( j j) 1.37⇥106 1.37⇥10�6

our analysis cuts are applied (see results of table 3). There-
fore we do not consider these variations in our analysis, in-
stead only considering their SM counterparts as an order-of-
magnitude estimate.

It is also evident that in table 3 we have only included
irreducible processes, those that are identical at parton level
in flavour content to the signal: (bb̄)(bb̄)(bb̄). As discussed
previously, the degree of the contamination from reducible
backgrounds, those that come from the mis-identification of
light jets or charm-jets to b-jets, can be estimated by assum-
ing that the efficiency of the analysis is identical to that of
the equivalent irreducible ones. Explicitly, we will assume
e.g. that the probability of a (bb̄)(bb̄)(cc̄) event passing the

analysis cuts is identical to (bb̄)(bb̄)(bb̄), multiplied by the
probability that two charm jets are mis-identified as b-jets.
We will assume that the probability of a charm-jet being
mis-identified as b-jet is Pc!b = 0.1 and that of light jets is
P j!b = 0.01, and that these values are independent of the b-
tagging efficiency which we will take to range from perfect
(100%) to the “worst-case scenario” of 80%, see Appendix
A.8 Table 4 shows the starting cross sections of the main re-
ducible processes and the estimated contribution to the total
cross section of the equivalent irreducible process, QCD six
b-jet production by taking into account appropriate rescaling
with powers of Pc!b and P j!b. Given our results, the re-
ducible six-jet QCD backgrounds are expected to contribute
O(10%) to O(30%) of the total tagged six b-jet background,
for perfect b-tagging to Pb!b = 0.8, respectively. Therefore
it is clear that the contributions are sub-dominant with re-
spect to the irreducible process and from here on we absorb
them in the overall uncertainty of the cross section estimates,
the effect of which is also examined in Appendix A.

3.3 Results for anomalous triple Higgs boson production

As a result of the analysis described in subsection 2.4, we
show in fig. 6 the expected significance that would be ob-
tained on the (d4,c3)-plane for an integrated luminosity of
20 ab�1 and assuming perfect b-tagging. This result demon-
strates that the six b-jet final state could constitute a signif-

8We note that these rejection rates are close to those used in the self-
coupling studies of Ref. [4]. They are also not far from what is currently
achievable with the ATLAS and CMS experiments, see e.g. [64, 65].
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Table 3: The processes considered in the six b-jet analysis, for the Standard Model. The second column shows the generation-
level cross sections with the cuts (if any) as given in the main text. The Z bosons were decayed at generation level and hence
the cross section is given with the Z branching ratios applied. The third column shows the starting cross section for the
analysis, including the branching ratio to (bb̄)(bb̄)(bb̄), with a flat K-factor of K = 2.0 applied to all tree-level processes as
an estimate of the expected increase in cross section from leading order to next-to-leading order. The fourth column gives
the analysis efficiency and the final column gives the expected number of events at 20 ab�1 of integrated luminosity at 100
TeV. The results are given for perfect b-jet tagging efficiency. The label “ggF” implies that it is gluon-fusion initiated.

Process sGEN (pb) sNLO ⇥BR (pb) eanalysis Ncuts
20 ab�1

hhh (SM) 2.88⇥10�3 1.06⇥10�3 0.0131 278

QCD (bb̄)(bb̄)(bb̄) 26.15 52.30 2.6⇥10�5 27116
qq̄ ! hZZ ! h(bb̄)(bb̄) 8.77⇥10�4 4.99⇥10�4 1.8⇥10�4 ⇠ 2
qq̄ ! ZZZ ! (bb̄)(bb̄) 7.95⇥10�4 7.95⇥10�4 1.2⇥10�5 < 1
ggF hZZ ! h(bb̄)(bb̄) 1.08⇥10�4 1.23⇥10�4

O(10�3) ⇠ 2
ggF ZZZ ! (bb̄)(bb̄) 1.36⇥10�5 2.73⇥10�5 2⇥10�5 ⌧ 1
h(bb̄)(bb̄) 1.46⇥10�2 1.66⇥10�2 5.4⇥10�4 179
hh(bb̄) 1.40⇥10�4 9.11⇥10�5 2.8⇥10�4 ⇠ 1
hhZ ! hh(bb̄) 4.99⇥10�3 1.61⇥10�3 7.2⇥10�4 23
hZ(bb̄) ! h(bb̄)(bb̄) 9.08⇥10�3 1.03⇥10�2 1.4⇥10�4 29
ZZ(bb̄) ! (bb̄)(bb̄)(bb̄) 2.87⇥10�2 5.74⇥10�2 1⇥10�5 11
Z(bb̄)(bb̄) ! (bb̄)(bb̄)(bb̄) 0.93 1.87 3⇥10�5 1121

Â backgrounds 2.8⇥104

Table 4: The reducible background processes considered
in the six b-jet analysis. The second column shows the
generation-level cross sections with the cuts identical to the
ones applied to the irreducible processes (table 2). The third
column shows the cross section after the mis-tagging rates
have been applied. We only consider processes equivalent
to QCD 6 b-jet production. We do not consider process that
contain mis-tagged light and charm jets at the same time.

process sGEN (pb) sGEN ⇥P(6 b� jets) (pb)

(bb̄)(bb̄)(cc̄) 76.8 0.768
(bb̄)(cc̄)(cc̄) 75.6 0.00756
(cc̄)(cc̄)(cc̄) 22.5 22.5⇥10�5

(bb̄)(bb̄)( j j) 1.32⇥104 1.32
(bb̄)( j j)( j j) 9.79⇥195 0.00979
( j j)( j j)( j j) 1.37⇥106 1.37⇥10�6

our analysis cuts are applied (see results of table 3). There-
fore we do not consider these variations in our analysis, in-
stead only considering their SM counterparts as an order-of-
magnitude estimate.

It is also evident that in table 3 we have only included
irreducible processes, those that are identical at parton level
in flavour content to the signal: (bb̄)(bb̄)(bb̄). As discussed
previously, the degree of the contamination from reducible
backgrounds, those that come from the mis-identification of
light jets or charm-jets to b-jets, can be estimated by assum-
ing that the efficiency of the analysis is identical to that of
the equivalent irreducible ones. Explicitly, we will assume
e.g. that the probability of a (bb̄)(bb̄)(cc̄) event passing the

analysis cuts is identical to (bb̄)(bb̄)(bb̄), multiplied by the
probability that two charm jets are mis-identified as b-jets.
We will assume that the probability of a charm-jet being
mis-identified as b-jet is Pc!b = 0.1 and that of light jets is
P j!b = 0.01, and that these values are independent of the b-
tagging efficiency which we will take to range from perfect
(100%) to the “worst-case scenario” of 80%, see Appendix
A.8 Table 4 shows the starting cross sections of the main re-
ducible processes and the estimated contribution to the total
cross section of the equivalent irreducible process, QCD six
b-jet production by taking into account appropriate rescaling
with powers of Pc!b and P j!b. Given our results, the re-
ducible six-jet QCD backgrounds are expected to contribute
O(10%) to O(30%) of the total tagged six b-jet background,
for perfect b-tagging to Pb!b = 0.8, respectively. Therefore
it is clear that the contributions are sub-dominant with re-
spect to the irreducible process and from here on we absorb
them in the overall uncertainty of the cross section estimates,
the effect of which is also examined in Appendix A.

3.3 Results for anomalous triple Higgs boson production

As a result of the analysis described in subsection 2.4, we
show in fig. 6 the expected significance that would be ob-
tained on the (d4,c3)-plane for an integrated luminosity of
20 ab�1 and assuming perfect b-tagging. This result demon-
strates that the six b-jet final state could constitute a signif-

8We note that these rejection rates are close to those used in the self-
coupling studies of Ref. [4]. They are also not far from what is currently
achievable with the ATLAS and CMS experiments, see e.g. [64, 65].

Pc!b = 0.1

<latexit sha1_base64="GyxfuKkAZ5Kbl+YEbBKudaHjMpQ=">AAACDHicbVDLSsNAFL3xWeur6tLNYCm4CokUdCMU3bisYB/QhDKZTtqhk0mYmSgl5APc+CtuXCji1g9w5984bbPQ1gMDh3PuZc49QcKZ0o7zba2srq1vbJa2yts7u3v7lYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8fXU79xTqVgs7vQkoX6Eh4KFjGBtpH6l6kVYjwjmWTPvZwR5kg1HGksZP6AgR5fIsV0z5djODGiZuAWpQoFmv/LlDWKSRlRowrFSPddJtJ9hqRnhNC97qaIJJmM8pD1DBY6o8rPZMTmqGWWAwliaJzSaqb83MhwpNYlMuNo0ulr0puJ/Xi/V4YWfMZGkmgoy/yhMOdIxmjaDBkxSovnEEEwkM1kRGWGJiTb9lU0J7uLJy6R9Zrt1u35brzauijpKcAwncAounEMDbqAJLSDwCM/wCm/Wk/VivVsf89EVq9g5gj+wPn8AhKSamw==</latexit>

Pj!b = 0.01

<latexit sha1_base64="jwuUXdY8Z/gY965ADO8sbTkRp/A=">AAACDHicbVDLSsNAFL2pr1pfVZduBkvBVUmkoBuh6MZlBfuANpTJdNKOnUzCzEQpIR/gxl9x40IRt36AO//GSZuFtl4Y5nDOvdxzjxdxprRtf1uFldW19Y3iZmlre2d3r7x/0FZhLAltkZCHsuthRTkTtKWZ5rQbSYoDj9OON7nK9M49lYqF4lZPI+oGeCSYzwjWhhqUK/0A6zHBPGmmg+SuL9lorLGU4QPyUnSB7JrtmC7zzQotAycHFcirOSh/9YchiQMqNOFYqZ5jR9pNsNSMcJqW+rGiESYTPKI9AwUOqHKT2TEpqhpmiPxQmic0mrG/JxIcKDUNjLtqZl0tahn5n9aLtX/uJkxEsaaCzBf5MUc6RFkyaMgkJZpPDcBEMuMVkTGWmGiTX8mE4CyevAzapzWnXqvf1CuNyzyOIhzBMZyAA2fQgGtoQgsIPMIzvMKb9WS9WO/Wx7y1YOUzh/CnrM8frEKasg==</latexit>

applied:c.f. σGEN(6b)= 26.15 pb 

⇒ Assuming perfect b-tagging + 
identical analysis efficiency to QCD 6b:

→~10% contribution from reducible 
backgrounds.

for P(b-tagging) = 0.8:

→~30% contribution.
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All the couplings of h1,2 to the rest of the SM states are
simply obtained by rescaling by:

gh1XX = cosqgSM
hXX , gh2XX = sinqgSM

hXX , (8)

with XX any SM final state. This allows for constraints to be
imposed on cosq through the measurements of Higgs signal
strengths. We concentrate on the scenario m2 � 2m1, allow-
ing for resonant h2 ! h1h1, with no new decay modes ap-
pearing for the h1.9 The triple couplings between the scalars
h1 and h2, representing terms of the form V (h1,h2) � li jkhih jhk,
i, j,k = {1,2}, are given by:

l111 = lv0c3
q +

1
4
(a1 +2a2x0)c2

q sq , (9)

+
1
2

a2v0s2
q cq +

✓
b3

3
+b4x0
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s3

q ,

l112 = v0(a2 �3l )c2
q sq � 1

2
a2v0s3

q

+
1
2
(�a1 �2a2x0 +2b3 +6b4x0)cq s2

q +
1
4
(a1 +2a2x0)c3

q ,

l122 = v0(3l �a2)s2
q cq +

1
2

a2v0c3
q

+ (b3 +3b4x0 � 1
2

a1 �a2x0)sq c2
q +

1
4
(a1 +2a2x0)s3

q ,

l222 =
1

12
⇥
4(b3 +3b4x0)c3

q �6a2v0c2
q sq

+ 3(a1 +2a2x0)cq s2
q �12lv0s3

q
⇤

,

where we have defined cq ⌘ cosq and sq ⌘ sinq . The quar-
tic couplings, representing terms of the form V (h1,h2) �
li jklhih jhkhl , i, j,k, l = {1,2}, are given by:

l1111 =
1
4
(lc4

q +a2c2
q s2

q +b4s4
q ) , (10)

l1112 = �1
2
[�b4 +l +(�a2 +b4 +l )(2c2

q �1)]cq sq ,

l1122 =
1

16
{a2 +3(b4 +l )

+ 3(a2 �b4 �l )[(c2
q � s2

q )2 � (sq cq )2]} ,

l1222 =
1
4
[b4 �l +(�a2 +b4 +l )(c2

q � s2
q )]sq cq ,

l2222 =
1
4
(b4c4

q +a2c2
q s2

q +l s4
q ) .

The above couplings will lead to processes with multiple h1
and h2 in the final state.

In [44], the authors studied parameter-space points, sat-
isfying conditions on the scalar sector of the xSM that lead
to strong first-order electroweak phase transition (SFOEWPT).
They then derived benchmark points taken from this allowed
set that leads to enhanced resonant Higgs boson pair produc-
tion, i.e. h2 ! h1h1, considering the phenomenological con-
sequences, i.e. whether enhanced h1h1 would be observed at

9We note the study of [69], where the heavier state is identified with
the SM-like Higgs boson instead.

future colliders, including a 100 TeV proton collider. One of
the main conclusions was that such a collider could probe
nearly all of the viable SFOWEPT-viable parameter space
through this process, leading to a potential discovery of the
xSM.

Here we consider the benchmark points of [44] in the
context of (SM-like) triple Higgs boson production, pp !
h1h1h1, which can potentially lead to a measurement of both
the triple and quartic couplings in the xSM, in the event
of discovery. Furthermore, there could be fine-tuned points
in the xSM that lead to some of the scalar couplings be-
ing small. In that scenario, triple Higgs boson production
could conceivably provide an alternative route for discov-
ery of the xSM. We show in tables 5 and 6 in the next sec-
tion the parameters for the benchmark points, which are la-
belled in [44] as “B1max” to “B11max” and “B1min” to
“B11min”.

4.2 Triple Higgs boson production in the xSM

The process by which three h1 scalars are produced via gluon
fusion consists of diagrams identical to those that appear in
fig. 3, with the addition that there exist diagrams with SM-
like Higgs propagators (i.e. h1 in this case) substituted by h2.
The strength of the interactions that appear in these diagrams
is governed by the triple and quartic couplings of eqs. 9
and 10. Note that the triple h1 coupling, l111, will also be
modified in the xSM. In general there will be an intricate in-
terference pattern between all the contributing non-resonant
and resonant diagrams. Our aim here is not to provide a de-
tailed study of these effects; instead we investigate the ob-
servability of triple Higgs boson production, pp ! h1h1h1,
in the context of the six b-jet final state, focussing on the
SFOEWPT benchmark points provided in [44], which ap-
pear in tables 5 and 6. For each point we also give the total
triple h1 production cross section as a ratio to the SM hhh,
including the full (top or bottom quark) loop structure and
interference effects. For comparison we have also calculated
the total h1 pair production cross section as a ratio to the SM
hh. One can observe that the enhancement in h1h1h1 produc-
tion can be larger than the enhancement in h1h1.

We show in figs. 8 and 9, the invariant mass of the three
Higgs boson system and the transverse momentum of the
hardest Higgs boson in triple h1 production within the xSM
for three benchmark points as well as the SM expectation
for comparison. The double-peak structure that is present in
the distributions is physical and is due to the possibility of
either an on-shell decay h2 ! h1h1h1, leading to a peak in
Mhhh at ⇠ m2, or an on-shell decay h2 ! h1h1 with either
h2 or h1 being off-shell in a preceding s-channel propagator,
leading to the peak in Mhhh at ⇠ m2 + m1. We note that a
similar effect was pointed out in [70] in pp ! hS ! hgg , in
the context of a Z2-symmetric singlet scalar model.
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The above couplings will lead to processes with multiple h1
and h2 in the final state.

In [44], the authors studied parameter-space points, sat-
isfying conditions on the scalar sector of the xSM that lead
to strong first-order electroweak phase transition (SFOEWPT).
They then derived benchmark points taken from this allowed
set that leads to enhanced resonant Higgs boson pair produc-
tion, i.e. h2 ! h1h1, considering the phenomenological con-
sequences, i.e. whether enhanced h1h1 would be observed at

9We note the study of [69], where the heavier state is identified with
the SM-like Higgs boson instead.

future colliders, including a 100 TeV proton collider. One of
the main conclusions was that such a collider could probe
nearly all of the viable SFOWEPT-viable parameter space
through this process, leading to a potential discovery of the
xSM.

Here we consider the benchmark points of [44] in the
context of (SM-like) triple Higgs boson production, pp !
h1h1h1, which can potentially lead to a measurement of both
the triple and quartic couplings in the xSM, in the event
of discovery. Furthermore, there could be fine-tuned points
in the xSM that lead to some of the scalar couplings be-
ing small. In that scenario, triple Higgs boson production
could conceivably provide an alternative route for discov-
ery of the xSM. We show in tables 5 and 6 in the next sec-
tion the parameters for the benchmark points, which are la-
belled in [44] as “B1max” to “B11max” and “B1min” to
“B11min”.

4.2 Triple Higgs boson production in the xSM

The process by which three h1 scalars are produced via gluon
fusion consists of diagrams identical to those that appear in
fig. 3, with the addition that there exist diagrams with SM-
like Higgs propagators (i.e. h1 in this case) substituted by h2.
The strength of the interactions that appear in these diagrams
is governed by the triple and quartic couplings of eqs. 9
and 10. Note that the triple h1 coupling, l111, will also be
modified in the xSM. In general there will be an intricate in-
terference pattern between all the contributing non-resonant
and resonant diagrams. Our aim here is not to provide a de-
tailed study of these effects; instead we investigate the ob-
servability of triple Higgs boson production, pp ! h1h1h1,
in the context of the six b-jet final state, focussing on the
SFOEWPT benchmark points provided in [44], which ap-
pear in tables 5 and 6. For each point we also give the total
triple h1 production cross section as a ratio to the SM hhh,
including the full (top or bottom quark) loop structure and
interference effects. For comparison we have also calculated
the total h1 pair production cross section as a ratio to the SM
hh. One can observe that the enhancement in h1h1h1 produc-
tion can be larger than the enhancement in h1h1.

We show in figs. 8 and 9, the invariant mass of the three
Higgs boson system and the transverse momentum of the
hardest Higgs boson in triple h1 production within the xSM
for three benchmark points as well as the SM expectation
for comparison. The double-peak structure that is present in
the distributions is physical and is due to the possibility of
either an on-shell decay h2 ! h1h1h1, leading to a peak in
Mhhh at ⇠ m2, or an on-shell decay h2 ! h1h1 with either
h2 or h1 being off-shell in a preceding s-channel propagator,
leading to the peak in Mhhh at ⇠ m2 + m1. We note that a
similar effect was pointed out in [70] in pp ! hS ! hgg , in
the context of a Z2-symmetric singlet scalar model.
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Benchmark cosq sinq m2 Gh2 x0 l a1 a2 b3 b4
s(h1h1)
s(hh)SM

s(h1h1h1)
s(hhh)SM

(GeV) (GeV) (GeV) (GeV) (GeV)
B1max 0.976 0.220 341 2.42 257 0.92 -377 0.392 -403 0.77 22.44 60.55
B2max 0.982 0.188 353 2.17 265 0.99 -400 0.446 -378 0.69 22.43 56.69
B3max 0.983 0.181 415 1.59 54.6 0.17 -642 3.80 -214 0.16 6.43 3.01
B4max 0.984 0.176 455 2.08 47.4 0.18 -707 4.63 -607 0.85 5.19 3.37
B5max 0.986 0.164 511 2.44 40.7 0.18 -744 5.17 -618 0.82 3.49 2.94
B6max 0.988 0.153 563 2.92 40.5 0.19 -844 5.85 -151 0.083 2.79 3.60
B7max 0.992 0.129 604 2.82 36.4 0.18 -898 7.36 -424 0.28 2.51 4.70
B8max 0.994 0.113 662 2.97 32.9 0.17 -976 8.98 -542 0.53 2.28 4.91
B9max 0.993 0.115 714 3.27 29.2 0.18 -941 8.28 497 0.38 1.98 2.68

B10max 0.996 0.094 767 2.83 24.5 0.17 -920 9.87 575 0.41 1.95 2.35
B11max 0.994 0.105 840 4.03 21.7 0.19 -988 9.22 356 0.83 1.76 1.03

Table 5: Values of the various xSM independent and dependent parameters for each of the benchmark values chosen to maximize the s ·BR(h2 !
h1h1) at a 100 TeV proton collider, taken from [44]. The ratio of cross sections of h1h1 to SM hh and of h1h1h1 to hhh production are given in the
last two columns.

Benchmark cosq sinq m2 Gh2 x0 l a1 a2 b3 b4
s(h1h1)
s(hh)SM

s(h1h1h1)
s(hhh)SM

(GeV) (GeV) (GeV) (GeV) (GeV)
B1min 0.999 0.029 343 0.041 105 0.13 -850 3.91 -106 0.29 2.35 1.24
B2min 0.973 0.231 350 0.777 225 0.18 -639 0.986 -111 0.97 1.86 0.76
B3min 0.980 0.197 419 1.32 234 0.18 -981 1.56 0.42 0.96 2.04 0.78
B4min 0.999 0.026 463 0.0864 56.8 0.13 -763 6.35 113 0.73 2.34 1.68
B5min 0.999 0.035 545 0.278 50.2 0.13 -949 8.64 151 0.57 2.39 2.86
B6min 0.999 0.043 563 0.459 33.0 0.13 -716 9.25 -448 0.96 2.42 3.90
B7min 0.984 0.180 609 4.03 34.2 0.22 -822 4.53 -183 0.57 1.72 0.75
B8min 0.987 0.161 676 4.47 30.3 0.22 -931 5.96 -680 0.43 1.64 0.75
B9min 0.990 0.138 729 4.22 27.3 0.21 -909 6.15 603 0.93 1.68 0.91
B10min 0.995 0.104 792 3.36 22.2 0.18 -936 9.47 -848 0.66 1.81 1.31
B11min 0.994 0.105 841 3.95 21.2 0.19 -955 8.69 684 0.53 1.76 0.94

Table 6: Values of the various xSM independent and dependent parameters for each of the benchmark values chosen to minimize the s ·BR(h2 !
h1h1) at a 100 TeV proton collider, taken from [44]. The ratio of cross sections of h1h1 to SM hh and of h1h1h1 to hhh production are given in the
last two columns.

Fig. 8: The (normalised) invariant mass distribution of the
three Higgs boson system in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.

Fig. 9: The (normalised) transverse momentum distribution
of the hardest Higgs boson in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.
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Fig. 8: The (normalised) invariant mass distribution of the
three Higgs boson system in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
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Fig. 9: The (normalised) transverse momentum distribution
of the hardest Higgs boson in triple h1 production within the
xSM at the FCC-hh at 100 TeV, reconstructed from Monte
Carlo truth with no cuts applied. We show three benchmark
points from [44], as well as the SM expectation for compar-
ison.
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Table 7: The significance (in standard deviations) of the six
b-jet analysis in h1h1h1, applied to the benchmark points of
tables 5 and 6. We have assumed a perfect b-tagging effi-
ciency.

Benchmark Significance Benchmark Significance

B1max 46.6 B1min 1.7
B2max 42.9 B2min 1.3
B3max 2.9 B3min 1.1
B4max 3.7 B4min 2.0
B5max 3.0 B5min 3.3
B6max 3.8 B6min 4.2
B7max 5.3 B7min 1.4
B8max 7.8 B8min 1.4
B9max 5.9 B9min 1.9
B10max 4.9 B10min 3.0
B11max 2.3 B11min 2.0

4.3 Results for xSM triple Higgs boson production

Table 7 shows the significance of the analysis applied to the
22 benchmark points B1max–B11max and B1min–B11min.
The analysis has not been optimised for the specific features
of these points, but the cuts are instead applied verbatim fol-
lowing those described previously (table 2). It is quite likely,
as was shown in [44], that the h2 mass will be known during
the lifetime of the FCC-hh through the observation of reso-
nant production pp ! h2 ! h1h1.10 This information could
then be employed in the analysis to enhance the significance
of the h1h1h1 further, particularly taking into account the
“double-peak” structure that we have pointed out in subsec-
tion 4.2. Furthermore, cuts affected by the changes in the
transverse momentum distributions as well as the angular
distances can be subject to further optimisation.

Given the values of the significance that we find here,
it is conceivable that the pp ! h1h1h1 channel will play a
crucial role in understanding the extended scalar sector in
many viable scenarios of scalar gauge-singlet models that
satisfy the constraints provided by requiring a SFOEWPT.11

5 Conclusions

We have investigated triple Higgs boson production at a fu-
ture proton collider with centre-of-mass energy 100 TeV,
in the case when all three Higgs bosons decay to bottom-
anti-bottom quark pairs, producing six b-jets. We have con-
structed a detailed phenomenological hadron-level analysis
including the effects of detector geometry. This analysis was

10See also [71] for an investigation of resonant Higgs boson pair pro-
duction in the SM with an additional gauge-singlet scalar.
11We note here that the ratio of h1h1h1 to h1h1 might be interesting to
investigate in this scenario, so as to reduce theoretical uncertainties, as
was done in [72] for the case of Higgs boson pair production.

applied to two scenarios: in the first, SM-like triple Higgs
boson production, we allowed for “anomalous” modifica-
tions of the triple and quartic self-couplings independently.
For the SM point, (d4,c3) = (0,0), we demonstrated that sig-
nificances of ⇡ 2s can be obtained from the six b-jet final
state alone. Furthermore, we have shown that a constraint of
d4 & �2 could be obtained in the case that the triple cou-
pling is measured to be close to the SM value, c3 ⇠ 0. These
results are competitive with previously studied final states,
rendering the six b-jet process an important contribution to
the study of the self-couplings of the SM Higgs boson. In
the second scenario, we considered an extension of the SM
by a gauge-singlet scalar that could drive strong first-order
electroweak phase transition. We investigated the triple pro-
duction of the resulting SM-like scalar in the particular six
b-jet final state, for several well-motivated benchmark points
compatible with strong first-order electroweak phase transi-
tion, and we concluded that large significances can be ob-
tained for many of these. This motivates further study of the
triple Higgs boson process in the context of future collider
studies of scalar singlet models.

Finally, we emphasise that our conclusions are affected
by uncertainties due to the absence of higher-order calcu-
lations for several of the background processes and details
of the performance of the detector, particularly with respect
to the tagging efficiencies, acceptance rates, resolution and
triggers. Once these uncertainties have been better under-
stood, a more detailed analysis, e.g. considering the differ-
ences between the radiation pattern of the colour singlet
Higgs boson and QCD, or employing more advanced multi-
variate techniques, could lead to higher significances. Nev-
ertheless, we have demonstrated here by varying several pa-
rameters, that the six b-jet process will certainly constitute
an important component of the study of triple Higgs boson
production at a future 100 TeV hadron collider.
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Appendix A: Variations and uncertainties

In figs. 10 and 11 we show variations of the significance
on the (d4,c3)-plane with 20 ab�1, when the b-tagging ef-
ficiency is reduced from 100% (perfect), to 90% and 80%,
respectively. We also show the c3 = 0 significance over the
values of d4 in figs. 12 and 13. The equivalent constraints at
95% C.L. on d4 would then be, respectively, d4 2 [�3.6,15.2]
and d4 2 [�6.0,17.6], with 20 ab�1.
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Fig. 2: The transverse momentum of Higgs bosons ordered
from the hardest to softest (solid red, dotted green, dashed
yellow, respectively), in triple Higgs production at the FCC-
hh at 100 TeV, reconstructed from Monte Carlo truth with
no cuts applied.

peaks at ⇠ 300 GeV whereas the latter at ⇠ 600 GeV. In
fig. 2 we show the Monte Carlo truth transverse momentum
of the Higgs bosons ordered from hardest to softest. The
transverse momentum distributions peak at ⇠ 200 GeV, ⇠
150 GeV and ⇠ 50 GeV from hardest to softest, respectively.

2.3 Event generation

The simulation of final states containing up to six coloured
objects remains a challenge to this day, even at tree level.
In the present study we provide initial estimates by con-
sidering the efficiency of a phenomenological analysis on
(bb̄)(bb̄)(bb̄) final states. We stress here that we have simu-
lated the QCD-induced (bb̄)(bb̄)(bb̄) exactly at tree level.3

For backgrounds which arise from charm-jets or light jets
being mis-identified as b-jets (i.e. the reducible backgrounds),
we have estimated the cross sections and assumed the analy-
sis efficiencies to be identical to the equivalent process with
b-quarks, factoring out the mis-identification rates.

For the irreducible backgrounds, i.e. those that consti-
tute the “real” (bb̄)(bb̄)(bb̄) final states, we have considered
processes that contain three bosons (either a Higgs boson or
a Z boson) that each then decay into (bb̄): hhZ, hZZ, ZZZ.
We have included the loop-induced gluon-fusion component
in the case of hZZ and ZZZ.4 Furthermore, we have consid-
ered backgrounds with either one or two bosons plus (bb̄)
that originate from QCD interactions: hZ +(bb̄), hh+(bb̄),

3In particular, this was made possible thanks to the technique of
Ref. [43] that performs a Monte Carlo over helicities.
4All processes incorporate the full effect of spin correlations, imple-
mented via MadSpin [56] that follows the method of [57], apart from
gg ! hZZ and gg ! ZZZ. This is not expected to have a significant
impact on the analysis efficiencies.

Table 1: The generation-level cuts imposed on the processes.
The index j indicates any quark flavour or gluons.

observable cut

pT, j > 30 GeV
|y j| < 5.0
DR j, j > 0.2

ZZ +(bb̄) and Z +(bb̄)(bb̄), h+(bb̄)(bb̄). Of the aforemen-
tioned processes, Z +(bb̄)(bb̄) and h+(bb̄)(bb̄) turn out to
be the largest contributors to total background cross section.
For the latter process, h + (bb̄)(bb̄), we also consider the
Higgs effective theory contributions (i.e. including the effec-
tive interaction ggh), which constitute approximately 3/4 of
the cross section.5 However, we have found that the largest
background component by far is the pure QCD production
of (bb̄)(bb̄)(bb̄). The details of the analysis are presented in
the next subsection.

We have simulated the triple Higgs boson signal at (loop-
induced) leading order and the quark-anti-quark-initiated com-
ponent of the tri-boson processes at next-to-leading order.
We have generated samples of 104 events for all signal pro-
cesses, except for the SM hhh, for which we generated 105

events to obtain statistically reliable estimates of the signifi-
cance.

All other processes have been simulated at leading order.
To take into account the higher-order corrections, we multi-
ply all leading-order cross sections by a K-factor of 2. The
size of the higher-order corrections is well-motivated for the
hhh signal by approximate calculations, see [59]. In Ap-
pendix A, we provide variations of the K-factor for the back-
grounds to take into account this uncertainty, while given
that a full NLO computation would be needed, we do not
consider effects due to shapes. We have imposed generation-
level cuts on processes that involve quarks of QCD origin.
We list these cuts in table 1.

We emphasise that the simulation of processes with more
than three final-state legs at next-to-leading order is an es-
sential aspect that should be addressed in future studies at
higher-energy hadron colliders, as such final states will be-
come increasingly common.

2.4 Analysis details

We give here the details of the phenomenological hadron-
level analysis that are common between the different new
physics scenarios that we consider.

We ask for the events to contain exactly six identified
b-jets with transverse momentum pT > 45 GeV. We ask for
these jets to lie within a pseudo-rapidity of |h | < 3.2 and

5A similar ratio was also observed for h+(bb̄) at the LHC [58].

Higgs transverse momentum,
hardest to softest, 

(SM).[AP, Tetlalmatzi-Xolocotzi, 
Zaro, 1909.09166]
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Introduce two observables:  χ2,(4) = ∑
qr∈I

(Mqr − M1)
2
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χ2,(6) = ∑
qr∈J

(Mqr − M1)
2

→ constructed from different pairings of 4 and 6 b-tagged jets,  is the 
invariant mass of the pairing qr.

Mqr
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Label (M2,M3) < PT,b �
2,(4)

< �
2,(6)

< m
inv
4b < m

inv
6b <

[GeV] [GeV] [GeV2] [GeV2] [GeV] [GeV]

A (255, 504) 34.0 10 20 - 525

B (263, 455) 34.0 10 20 450 470

C (287, 502) 34.0 10 50 454 525

D (290, 454) 27.25 25 20 369 475

E (320, 503) 27.25 10 20 403 525

F (264, 504) 34.0 10 40 454 525

G (280, 455) 26.5 25 20 335 475

H (300, 475) 26.5 15 20 352 500

I (310, 500) 26.5 15 20 386 525

J (280, 500) 34.0 10 40 454 525

Table 3. The optimised selection cuts for each of the benchmark points within BP3 shown in table 2.

The cuts not shown above are common for all points, as follows: |⌘|b < 2.35, �mmin, med, max <

[15, 14, 20] GeV, pT (hi
1) > [50, 50, 0] GeV, �R(hi

1, h
j
1) < 3.5 and �Rbb(h1) < 3.5. For some of the

points a m
inv
4b cut is not given, as this was found to not have an impact when combined with the m

inv
6b

cut.

Label (M2,M3) "Sig. S
��
300fb�1 "Bkg. B

��
300fb�1 sig|300fb�1 sig|3000fb�1

[GeV] (syst.) (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)

Table 4. The resulting selection e�ciencies, "Sig. and "Bkg., number of events, S and B for the signal

and background, respectively, and statistical significances for the sets of cuts presented in table 3. A

b-tagging e�ciency 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 significance is given at both values of the integrated luminosity excluding (including) systematic

errors in the background according to Eq. (5.1) (or Eq. (5.2) with �b = 0.1⇥ B).

– 14 –
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Label (M2,M3) < PT,b �
2,(4)

< �
2,(6)

< m
inv
4b < m

inv
6b <

[GeV] [GeV] [GeV2] [GeV2] [GeV] [GeV]

A (255, 504) 34.0 10 20 - 525

B (263, 455) 34.0 10 20 450 470

C (287, 502) 34.0 10 50 454 525

D (290, 454) 27.25 25 20 369 475

E (320, 503) 27.25 10 20 403 525

F (264, 504) 34.0 10 40 454 525

G (280, 455) 26.5 25 20 335 475

H (300, 475) 26.5 15 20 352 500

I (310, 500) 26.5 15 20 386 525

J (280, 500) 34.0 10 40 454 525

Table 3. The optimised selection cuts for each of the benchmark points within BP3 shown in table 2.

The cuts not shown above are common for all points, as follows: |⌘|b < 2.35, �mmin, med, max <

[15, 14, 20] GeV, pT (hi
1) > [50, 50, 0] GeV, �R(hi

1, h
j
1) < 3.5 and �Rbb(h1) < 3.5. For some of the

points a m
inv
4b cut is not given, as this was found to not have an impact when combined with the m

inv
6b

cut.

Label (M2,M3) "Sig. S
��
300fb�1 "Bkg. B

��
300fb�1 sig|300fb�1 sig|3000fb�1

[GeV] (syst.) (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)

Table 4. The resulting selection e�ciencies, "Sig. and "Bkg., number of events, S and B for the signal

and background, respectively, and statistical significances for the sets of cuts presented in table 3. A

b-tagging e�ciency 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 significance is given at both values of the integrated luminosity excluding (including) systematic

errors in the background according to Eq. (5.1) (or Eq. (5.2) with �b = 0.1⇥ B).

– 14 –
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Parameter Value

M1 125.09 GeV

M2 [125, 500] GeV

M3 [255, 650] GeV

✓hS �0.129

✓hX 0.226

✓SX �0.899

vS 140 GeV

vX 100 GeV

1 0.966

2 0.094

3 0.239

Table 1. The numerical values for the independent parameter values of eq. (2.12) that characterise

BP3. The Higgs doublet vev, v, is fixed to 246 GeV. The i values correspond to the rescaling

parameters of the SM-like couplings for the respective scalars and are derived quantities.

3.1 Theory Constraints

We can derive constraints on the values that the massesM2 andM3 can assume by considering

the perturbative unitarity of the 2 ! 2 scalar scattering matrix in the TRSM. Moreover, we

impose an upper limit |Mi|  8⇡ on the eigenvalues Mi of the scattering matrix M.

These limits can be written in terms of the coupling constants as6

|��| < 4⇡ ,

|��S | , |��X | , |�SX | < 8⇡ ,

|a1| , |a2| , |a3| < 16⇡ , (3.1)

where a1,2,3 correspond to the roots of the following polynomial:

P (x) = x
3 + x

2(�12�� � 6�S � 6�X) + x
⇥
72��(�S + �X)� 4(�2

�S + �
2
�X)

+36�S�X � �
2
SX

⇤
+ 12���

2
SX + 24�2

�S�X + 24�2
�X�S � 8��S��X�SX � 432���S�X .

(3.2)

The potential of eq. (2.4) additionally needs to be bounded from below. This requirement

was implemented in the scan discussed in [24] using the conditions derived in [94, 95], which

6For further details on the derivation of the limits in terms of the coupling constants, see e.g. the discussion

in [93].

– 7 –
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B Total Widths and Branching Ratios

In table 5, we list the total widths as well as decay branching ratios between the physical

scalars of the TRSM, for the benchmark points listed in table 2. The total widths have

been calculated according to eq. (2.14), with SM-like widths taken from [125]. Note that

the e↵ective branching ratios might vary slightly, as they correspond to BRe↵ = �MG5
x! y z/�x,

where �MG5
x! y z is the respective partial decay width as calculated by MadGraph5 aMC@NLO, while

�x corresponds to the total decay width, which we here treat as an input parameter. For the

benchmark points considered here, we however found that deviations are on the sub-percent

level.

Label (M2,M3) �2 �3 BR2! 1 1 BR3! 1 1 BR3! 1 2

[GeV] [GeV] [GeV]

A (255, 504) 0.086 11 0.55 0.16 0.49

B (263, 455) 0.12 7.6 0.64 0.17 0.47

C (287, 502) 0.21 11 0.70 0.16 0.47

D (290, 454) 0.22 7.0 0.70 0.19 0.42

E (320, 503) 0.32 10 0.71 0.18 0.45

F (264, 504) 0.13 11 0.64 0.16 0.48

G (280, 455) 0.18 7.4 0.69 0.18 0.44

H (300, 475) 0.25 8.4 0.70 0.18 0.43

I (310, 500) 0.29 10 0.71 0.17 0.45

J (280, 500) 0.18 10.6 0.69 0.16 0.47

Table 5. The total widths and new scalar branching ratios for the parameter points considered in

the analysis. For the SM-like h1, we have M1 = 125GeV and �1 = 3.8MeV for all points considered.

The other input parameters are specified in table 1. The on-shell channel h3 ! h2 h2 is kinematically

forbidden for all points considered here.

C Combinatorics for Scalar Reconstruction

Here we briefly elaborate further on the scalar reconstruction based on the di↵erent arrange-

ments of the 6 b-jets with the highest transverse momentum in each event. As discussed in

section 4.3, the aim is to determine the combination of two and three pairs of b-jets which

minimise the sum

�
2,(6) + �

2,(4)
. (C.1)
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