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particle provides a portal to new physics. One front of this quest consists in measuring the
interactions of the Higgs with itself and with other SM particles to a high precision. In a
more exotic front, the LHC is searching for the possibility that a pair of Higgses (HH) is
the evidence of a new resonance. Such resonances are predicted in models with extended
Higgs sectors, extra dimensions, and in models with exotic bound states. In this paper
we show how scalar quirks in Folded Supersymmetry can give rise to HH resonances. We
point out a viable sector of the parameter space in which HH is the dominant decay channel
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subsequent decay modes of the heavy resonance. Finding the extra decay modes in the
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1 Introduction

The current particle physics paradigm is that the Standard Model (SM) is a remarkable
and, perhaps, the most successful existing physical theory. However, it is also known to be
a low energy description of a much larger construction. This is because of the variety of
phenomenological problems that the SM cannot address such as the Baryon asymmetry of
the Universe, the mechanism for neutrino mass, flavor, and dark matter, to cite a few. One
of the guiding principles in the search for physics beyond the SM has been Naturalness and
the Hierarchy Problem (HP). This problem arises because the Higgs mass is quadratically
sensitive to new physics scales, and becomes even more intriguing by the lack of evidence
of new physics in ever increasing experimental energies. The SM is said unnatural for it
does not contain a mechanism to stabilize the Higgs mass.

Solutions to the HP typically feature top partners responsible for cancelling the quadratic
contribution to the Higgs mass from top quark loops. This is the case in the Minimal
Supersymmetric version of the SM (MSSM). Unfortunately, the fact that the mass of the top
partners has been pushed to an uncomfortably high regime by current data gives rise to a
smaller leftover tuning referred to as Little Hierarchy Problem. It is the strong interacting
quality of the top partners that results in the powerful constraints on their masses. This
observation triggered the proposition of Neutral Naturalness [1–4] models in which the top
partners are neutral with respect to one or various of the subgroups of the SM group. Folded
Supersymmetry (F-SUSY) is an example of this type of construction in which top partners
are not charged under the SM QCD, but under a dark version of it. In this theory the
Higgs mass is protected at the one loop level up to characteristic energies of tens of TeV.
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At this scale and above, it is possible to define an ultraviolet completion of F-SUSY with
a fifth dimension compactified over an orbifold [2].

In F-SUSY the dark sector squarks are all heavier than the dark QCD hadronization
scale. This causes them to behave as quirks (or squirks for its scalar nature). Pair production
of these states results in excited squirkonium bound states that relax down to the ground
state and decay promptly at collider time scales [5]. Neutral squirkonium, here denoted as
X0

q̃ , can be produced via pp → γ/Z → q̃q̃∗. Typically, these states preferentially decay into
dark glueballs independently on the generation of the constituent squarks [6–9]. Charged
squirkonium X+

q̃ , produced through pp → W → q̃′q̃∗, of the first and second generation will
have a dominant branching ratio (BR) to W + γ [10–12]. Now, third-generation charged
squirkonium will undergo beta decay in a time scale much faster than relaxation [5], causing
the system to decay to W +X0

q̃ , where q represents the lighter between stop and sbottom. This
final state shows promising results in a variation of the model where X0

q̃ is longed-lived [13].
F-SUSY production of third generation squirks always derives in neutral squirkonium,

either by direct production or via beta decay of charged ones. This neutral state then
preferentially decays to dark glueballs. One feature of the model is that the 0++ dark glueball
state can mix with the Higgs boson through loops [14, 15]. This mixing causes the dark
glueballs to have a naturally small coupling to SM particles, making them long-lived and a
great signal for neutral naturalness models [16–18]. However, glueball production is known
to decrease as the mass splitting between the two stop eigenstates increases [17]. This is
the regime that we will explore in this paper. We will see how increasing the soft trilinear
term Att̃Lt̃RH that controls the mixing of the two eigenstops, causes the neutral stoponium
state X0

t̃
to predominantly decay to a pair of Higgs bosons.

A similar observation was made long ago in the context of the MSSM, where studies of
stoponium bound states [19–28] have shown that Higgs decay modes dominate for large stop
mixing angles. However, stoponium bound states can only be realized in the MSSM for low
stop masses, in a regime excluded by the LHC. Our study brings back the possibility that
HH resonances have a connection with the third generation of (s)quarks and Naturalness.
Furthermore, we will see how the prediction of the model lies in a range of masses that
will be soon explored by the LHC.

This paper is organized as follows: section 2 gives a brief summary of the model and its
unique phenomenological features. Section 3 presents our parametric setting where we define
the benchmarks that we will analyze. We also show the theoretical bounds on the parameter
space of interest from perturbative unitarity. Section 4 shows squirkonium production cross
section and decay modes. In section 5 one can find our results for observability of HH
resonances at the LHC. Finally, section 6 shows our conclusions and discussion.

2 Scalar quirks in folded SUSY

In this section we provide a synthesis of F-SUSY concepts that are important for our analysis.
For a complete treatment of the model, including a description of the full supersymmetric
ultraviolet completion, we refer the reader to [2]. In F-SUSY, the low energy theory is
symmetric under the group SU(3)c × SU(3)c′ × SU(2)L × U(1)Y . The representation content
is that of the MSSM, but with squarks charged not under SU(3)c, but under the dark
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color SU(3)c′ . The model comprises an additional octet of gluons corresponding to the
new color sector.

In order to understand the origin of the strange dynamics this results in, it must be
known that the two strong force groups are related to each other in the ultraviolet completion
of the theory by a Z2 symmetry. This ensures that the theory is fully Supersymmetric in
the UV. As a consequence, the characteristic scales where confinement dynamics kicks in are
close to each other Λc′ ∼ Λc. In general, a pair-produced particle-antiparticle system will
hadronize when the energy density of the flux tube (or string) approaches or exceeds 2m1,
where m1 is the lightest quark-like particle in the theory. Differently from QCD, the QCD′

particle content does not comprise any species with a mass m smaller than the typical string
tension Λc′ . Because of this, pair creation from the vacuum is suppressed as exp(−m2

1/Λ′2)
and a produced pair of QCD′ particles will form a bound state instead of hadronizing. For
this odd behavior, particles with charges of a strong group whose confining scale is much
smaller than the lightest charged species mass are called quirks [29–35] — and, in F-SUSY,
since they are supersymmetric partners, squirks.

At LHC energies and for lightest quirk masses of up to ∼ 1 TeV, the squirkonium will
typically be produced at a highly excited state. A semiclassical analysis [5] of the strong force
bound state shows that the probability of decay only become appreciable after relaxation,
i.e., after the excess energy is radiated away through emission of photons or glueballs, and
the 2-particle system is left at the lowest lying angular momentum state. The decay of
the squirkonium to lightest states will, then, most likely have an s wave contribution. The
possibility of detecting the soft signals of the relaxation period have been discussed in [36]
where the antenna pattern is the smoking gun signature.

Soon after the proposal of F-SUSY, the same authors showed that the W + γ final state
is the dominant decay mode for first and second generation of squirks. They also show
that it is not possible to have a charged squirkonium bound state of the third generation
because the heavier constituent will beta-decay in a timescale faster than relaxation [5]. This
indicates that only neutral squirkonium of the third generation is possible, a state which
preferentially decays to dark glueballs. Now, the third generation is of great important for it
is the one intrinsically tied to Naturalness and the hierarchy problem. Our work is motivated
by this connection, and we would like to study decay channels of the neutral third-generation
squirkonium in F-SUSY beyond those explored in the literature where long-lived glueballs
seems to be one of the most interesting signals [16].

We will study the large soft trilinear coupling limit for stoponium, where the decay mode
to HH can dominate over glueball formation. Our study only involves interactions of the
third generation quarks, squarks and of the Higgs and gauge bosons. We will not make any
attempt to fix classical problems of the MSSM like the µ problem or the Higgs mass [37–40].
Our simplified analysis assumes: 1) The lightest stop is the lightest third generation squirk;
2) A neutral stoponium is produced from proton-proton collision at the LHC; 3) This state,
initially highly excited, will promptly radiate away energy and angular momentum relaxing
down to its ground state; 4) Finally, this ground state squirkonium will decay to a variety
of channels with a narrow total width (below 5%). In order to determine if one of these
channels can overcome glueball formation, we calculate the complete set of branching ratios
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and analyze their variation over an interesting sector of parameter space. We now discuss
the parameter space of interest in the next section.

Before delving into the parameter space of interest in the next section, it is essential
to underscore the distinctions between our simplified model and the one presented in the
original F-SUSY paper and some of its pioneer phenomenological studies. While the original
papers does not specifically emphasize the A-terms, we contend that, akin to any other soft
term, these terms are generally viable in low-energy effective SUSY theories. We maintain an
agnostic stance regarding the mechanism through which supersymmetry is broken, resulting
in no specific prediction or “natural” choice for these parameters, apart from the intuitive
At ∼ ΛSUSY (the scale of SUSY breaking). Furthermore, as of our current understanding,
the constraints on large A parameters stem mainly from phenomenological considerations
and perturbativity, factors that we will duly incorporate into our analysis. Concerning the
low-energy spectrum, our theory deviates from the original papers solely in the hierarchy of
squirk masses: ours is inverted, with the third generation being the lightest. This inversion
is permitted by the parametric structure of F-SUSY.

3 Parameter space and constraints

The interactions relevant to our study involve third generation squarks, gauge bosons, and
the Higgs. These comprise, in principle, the following free parameters

{tan β, µ, At, Ab, m
Q̃L

, mt̃R
, mb̃R

},

where tan β (or simply tβ) is the ratio vu/vd of the vacuum expectation values (vev) of the two
Higgses in the model, µ is the parameter of the supersymmetric quadratic scalar term, Aq are
the soft trilinear terms of the form AqHQ̃Lq̃R, and m

Q̃L
, mt̃R

, mb̃R
are the squark soft masses.

In order to define practical benchmarks, we choose a scenario in which all soft masses are
equal i.e., m

Q̃L
= mt̃R

= mb̃R
≡ m̃soft and there is no mixing in the sbottom sector, meaning

mb̃1
= mb̃2

= m̃soft. These choices leave us with the following set of free parameters

{tβ , µ, At, mt̃1}, (3.1)

where mt̃1 (or simply mt̃) is the mass of the lightest eigenstop. A given choice of these
parameters will determine the mass of the heaviest stop, the soft (and sbottom) mass, and
mixing angles.

In our analysis, we will vary the mass of the lightest stop between 250 GeV up to 1 TeV
and the soft trilinear parameter from 1 up to a few TeV. It could be argued that a natural
choice for the other parameters is (tβ , µ) ∼ (1, mh), where mh is the mass of the SM-like
Higgs particle. A tuned choice of (tβ , µ) could be defined as one that reflects a hierarchy
between the two vev of the model and between µ and the EW scale. Without a rigorous
definition of tuning, here we define a set of benchmarks (B1, B2, B3, B4) that go from
very small to some degree of tuning:

B1: µ = 200GeV, tβ = 1
B2: µ = 200GeV, tβ = 10
B3: µ = 1TeV, tβ = 1
B4: µ = 1TeV, tβ = 10.

(3.2)
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As mentioned above, At is the scalar trilinear coupling that controls the Ht̃1t̃∗1 vertex
strength. Increasing this parameter increases the splitting between the two eigenstops t̃1, t̃2
which, as we will see below, in turn increases the production and HH decay rates of the
squirkonium states of interest. However, a trilinear term like At cannot be set to arbitrarily
large values because this parameters can create problems like violation of perturbative
unitarity [41, 42], or it can induce large trilinear Higgs self-couplings that in turn can violate
constraints from EW (S/T parameters, weak angle, etc.) and Higgs physics (Higgs branching
ratios, double Higgs production, etc.) [43–46]. We now discuss the relevant constraints.

3.1 Perturbative unitarity

To verify the validity of the theory we now study partial wave unitarity in the parameter
space of interest. We begin from the partial wave expansion of the (azimuthally symmetric)
scattering amplitude for the scalar 2 → 2 process i → f ≡{a, b} → {c, d}, here denoted by
Mif (θ). The j-th coefficient of the expansion is

aj
if = 1

32π

√
4|pi||pf |
2δab2δcd

∫
dθMif (θ)Pj(θ), (3.3)

where Pj(θ) are the Legendre polynomials and pi, pf are the centre of mass three-momentum
for the initial and final states respectively. In a multi-process analysis one can construct the
matrix (aj=0)if taking into account all the initial and final states. To satisfy the unitarity
condition, the k-th eigenvalue of this matrix must obey∣∣∣Re

(
ak

0

)∣∣∣ ≤ 1
2 , ∀ k. (3.4)

Note that the constraint above must hold in the entire phase space. To obtain an estimate of
the unitarity bounds, we consider the amplitude for the process t̃1t̃∗1 → t̃1t̃∗1, which include
the 4-scalar vertex as well as s- and t-channel exchange of Higgs and dark gluons. The
0-th coefficient is given by1

a0 ∼ − 1
24πs2

βv2
h

√
1−

4m2
t̃

s
(F0 + F1 + F2 + F3), (3.5)

where
F0 = (3m2

t s2
2θ + g2

ss2
βc2

2θv2
h)

F1 = e2s2
β(9c4

θ + 8s2
W (2s4

θ − c2
θ))/(12c2

W s2
W )

F2 = 6m2
t (cαmt + sθcθ(Atcα − sαµ))2

s − m2
h

F3 = − s − m2
h

s − 4m2
t̃

F2 log
[
1 +

s − 4m2
t̃

m2
h

]
.

(3.6)

Here, mt is the mass of the top quark, vh is the SM-like Higgs vev, θ is the stop mixing
angle, and α/β are the mixing angles of the neutral CP-even/odd components of the two
Higgs multiplets in the MSSM [47].

1These approximate formulae ignore terms proportional to EW parameters suppressed by factors of m2
Z/m2

t

and m2
Z/m2

t̃1
. In our analysis and figures no approximations have been considered.
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Figure 1. Maximum At allowed by perturbative unitarity as a function of the lightest stop mass.

Figure 1 shows the unitarity bounds corresponding to our four benchmarks defined
in eqs. 3.2. Below each line the model is unitary safe. We found that for a stop mass of
250 GeV the bound on At varies between 2.5 and 3.5 TeV, depending on the benchmark.
Note how reducing µ and increasing tan β one may extend the allowed region of parameter
space. For a more refined calculation, one can construct a 5× 5 scattering matrix including
hh, t̃1t̃∗1, t̃2t̃∗2, b̃1b̃∗1, b̃2b̃∗2 initial and final states. In [41] the authors show how including some
of these processes one can extend the unitary bound on At up to 4.4–5 TeV for stop masses
of 100 GeV. We will keep our calculation as a conservative constraint keeping in mind that
the full calculation could in principle open a larger region of parameter space.

3.2 Higgs physics constraints

The interaction AtHt̃it̃
∗
i can generate a loop level correction to the Higgs self-coupling. We

calculated this correction in the broken phase where loops involving the eigenstops t̃1,2 generate
three-Higgs interactions. The full formula is a complicated expression of the parameters of
the model, but for illustration we provide here the dominant term in the limit where both
the stop masses and the trilinear term At are much larger than the EW scale

δλ3h ∼ c3
αs3

2θy3
t√

2 64π2
A3

t

m2
t̃

. (3.7)

This correction can be dramatically large as the parameter At grows for a given spectrum of
Folded stops t̃i. As we will see later, for a given tβ, increasing µ is a way to reduce the size
of the correction (keeping in mind that the full expression is more complicated polynomial
of the quantity At and not just it to the third power).

To set constraints, we follow the results from [45] where the authors find constraints
on new physics corrections to the Higgs self-coupling from a variety of measurements in-
cluding the W mass, the weak angle, EW precision observables, Higgs boson analysis in the
γγ, ZZ∗, WW ∗, ττ and bb̄ channels, as well as double Higgs productions analysis. As we
will see later, these constraints have a dramatic impact on the natural benchmarks defined

– 6 –



J
H
E
P
0
2
(
2
0
2
4
)
0
5
0

above, and they can only be ameliorated as one moves in the parameter space towards
the tuned benchmark points.

While constraints from large contributions to δλ3h have the more severe impact on
our parameter space, for completeness, we also looked into the constraints from h → γγ.
Large contributions to this decay width δΓhγγ can be induced by loops of stops, which come
proportional to two powers of At. We found that this process can constrain a small portion
of the parameter space in the low mass regime not covered by constraints from δλ3h as
we will see later in section 5.

3.3 Electroweak oblique parameters

Our parameter space of interest includes relatively light EW states. These are known to
add large contributions to the EW oblique parameters S, T, and U [43]. We calculated the
contributions to these parameters in our simplified model finding

S = 1
12π∆3

21

[
S0 + S1 log

(
m2

t̃2

m2
t̃

)
+ S2 log

(
m2

b̃

m2
t̃

)]
, (3.8)

T = 1
16πs2

W c2
W m2

Z

[
T0 + T1 log

(
m2

t̃2

m2
t̃

)
+ T2 log

(
m2

b̃

m2
t̃

)
+ T3 log

(
m2

t̃2

m2
b̃

)]
, (3.9)

where2

∆21 = m2
t̃2
− m2

t̃ ,

S0 = −s2
θc2

θ∆21(5m4
t̃ − 22m2

t̃2
m2

t̃ + 5m2
t̃2
),

S1 = s2
θ(2c2

θ − s2
θ)∆3

21 − 6s2
θc2

θm4
t̃ (3m2

t̃2
− m2

t̃ ),

S2 = ∆3
21,

T0 = 3(s4
θm2

t̃2
+ m2

b̃
+ c4

θm2
t̃ ),

T1 =
6s2

θc2
θm2

t̃
(m2

t̃
+ m2

t̃2
)

∆21
,

T2 = −
6c2

θm2
b̃
m2

t̃

m2
b̃
− m2

t̃

,

T3 = −
6s2

θm2
b̃
m2

t̃2

m2
t̃2
− m2

b̃

.

(3.10)

To set constraints, we will follow [46] and draw the 2σ contours corresponding to the PDG2021
data fit. The main constrain comes from the T parameter and we will show in the results
in section 5 how these constraints also cover a small portion of the parameter space in the
low mass regime not covered by constraints from δλ3h. We note how for a given mt̃, as one
increases At it increases the splitting between t̃ and the heavier states, increasing the impact
on the EW oblique parameters, giving stronger constraints.

Before proceeding with the phenomenology of the model, we argue that our choice
mt̃ >250 GeV serves as a conservative lower bound on the mass of the lightest stop. We

2The expression for U is quite lengthy, very little illuminating, and we verified that U ≪ S, T in our
parameter space of interest.
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point out how recent works consider a similar lower bound on 3rd generation folded stop
masses [9] which comes from the possibility that the Higgs decays to a pair of glueballs
adding an extra contribution to the invisible branching ratio of the Higgs [17]. Stronger
lower bounds on folded squirk masses can be found for the 1st and 2nd generation squirks
mq̃ > 800GeV [12] whose main decay channel to W + γ makes it a state easy to constrain.
For 3rd generation squirks, in the limit of heavy glueball masses (∼ 40GeV) and small mixing
in the stop sector, the lower bound on mt̃ can be as strong as 1 TeV, but in the limit of small
mixing and light glueballs the bounds are quite weak [17].

4 Stoponium production and decay

4.1 Production

We now discuss the production mechanisms for our squirkonium state of interest at the LHC.
In the parameter space that we focus i.e. where the trilinear term At is large, the dominant
production channels of stoponium X0

t̃
are

qq̄ fusion : p(q)p(q̄) → γ/Z → t̃t̃∗

gg fusion : p(g)p(g) → h → t̃t̃∗.

The first process is the usual Drell-Yan, neutral gauge boson mediated, qq̄-fusion. The
second process is the gg-fusion that involves a triangle top-quark loop and a Higgs in the
s-channel. In the limit of large At and high center of mass energy, the partonic cross section
of the qq̄-fusion is given by

σ̂(qq̄ → t̃t̃∗) ≈ πα2

3ŝ

(
1−

4m2
t̃1

ŝ

)3/2

fq(θ), (4.1)

where fq(θ) = αq
0 + αq

2ss
θ + αq

4s4
θ. The dimensionless coefficients αq

i are given in terms
of SM constants and are numerically equal to αu

0 = 20.3, αu
2 = −32.8, αu

4 = 18.2, and
αd

0 = 17.6, αd
2 = −39.3, αd

4 = 23.4. In the same limit of large At and ŝ, the partonic cross
section of the gg-fusion process is given by

σ̂(gg → t̃t̃∗) ≈ 6α2
sy2

t m4
t

642π3ŝ2v2
h

(
1−

4m2
t̃1

ŝ

)1/2

gt(ŝ), (4.2)

gt =
s2

2θA2
t

4t2
αŝ

[
−4 +

(
1− 4m2

t

ŝ

)
log2

(
−m2

t

ŝ

)]2

. (4.3)

In our calculation we included the effects of u, d, s, c, g partons convoluting the cross section
above with the corresponding PDFs for which we used the MSTW2008 set [48].

The cross sections resulting from these channels may be observed in figure 2 (left). The
qq̄-fusion process (solid blue) occurs through gauge interactions and it is independent of At.
The gg-fusion channel (dashed lines) involves a Ht̃1t̃∗1 vertex and it is enhanced with increasing
At, reason why this channel dominates for an arbitrarily high value of this parameter. Note,
for example, that for a mass of mt̃1 = 0.4TeV the gg-fusion process dominates for At > 2TeV.
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Figure 2. Left: production cross section of stoponium at the LHC. For low At values, the dominant
process is qq̄-fusion, whereas gg-fusion dominates for large At. Right: branching Ratios of the lowest
lying energy state of the lightest stoponium into the various decay modes as a function of At.

4.2 Decay

In order to calculate the BR of the different decay modes of X0
t̃

we will follow the method
in [5]. We calculate the cross section σ(t̃t̃∗ → xy) for all possible combinations of xy given
the interactions of the X0

t̃
state: g′g′, HH, Hγ, HZ, γγ, γZ, ZZ, WW, tt̄. We then get the

annihilation rate ⟨σv⟩ taking the limit where the relative velocity v of the t̃t̃∗ system goes to
zero. Finally, the BR for the i-th decay mode is simply BRi = ⟨σv⟩i/

∑
j ⟨σv⟩j .

A priori, one can guess that the dominant decay mode is g′g′ due to strong nature of the
interaction. Our task is to look for a region of the parameter space where HH can dominate.
In the limit At ≫ mt̃ ≫ mt, mh, the g′g′ and HH annihilation rates are equal to

⟨σv⟩g′g′ ≈ 28πα2
s

3m2
t̃

,

⟨σv⟩HH ≈ 3y4
t c4

αs4
2θA4

t

128πm6
t̃

.

(4.4)

Here we can observe that for large enough values of At, the HH mode is expected to dominate.3

In agreement with this intuition we can see in figure 2 (right) how for large At, the g′g′ mode
(solid orange) is highly suppressed whereas the HH mode (dot-dashed green) BR approaches
one. The effect of increasing the stop mass mt̃ (not shown in the figure) is that all curves in
the figure move to the right, meaning that the HH mode starts dominating at higher values
of At than those shown in the figure. In the relevant parameter space, we found that the
modes Hγ, HZ, γγ, γZ were highly suppressed compared to those shown in figure 2.

3It is crucial to consider that, for sufficiently large glueball masses and depending on the matter content
above the Electroweak (EW) scale, the dark coupling constant αs′ can undergo significant running, becoming
much larger than the QCD coupling, as discussed in [16]. In principle, this possibility could make it substantially
more challenging for the HH mode to dominate the squirkonium branching ratio (BR) pattern. In our model,
we assume that the glueball mass is small enough so that αs′ does not significantly deviate from αs.
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5 Di-Higgs signals at the LHC

The LHC performs both resonant and non-resonant searches for a pair of Higgs bosons in a
variety of final states [49–60]. One of the main motivations of HH searches is to accurately
measure the self coupling of the Higgs. The SM has an unfortunate accidental cancellation
between the two main diagrams that contribute to HH production, namely, the gluon fusion
s-channel Higgs exchange that then splits into two Higgses via self coupling, and the gluon
fusion to HH via a top quark box diagram. The total cross section for this process in the
SM is about 33.47 fb [61–87]. The main effect of the self coupling is more significant at lower
HH invariant masses. Current bounds from non-resonant HH searches at the LHC constrain
the trilinear coupling to be within 40% of the SM prediction [88–95].

Now, the fact that HH has a small cross section in the SM opens an opportunity for new
physics. In the large invariant mass regime one expects very little irreducible background
events. Searches for HH resonances performed in the bbbb final states place bounds [57] on
masses between 250 GeV and 5 TeV for spin 0 [96] and spin 2 [97] resonances. The bounds on
the cross section times HH branching ratio range between a few pb for the lowest masses
down to 1 fb for the heaviest mass.4

In order to find the reach of the LHC on the parameter space of our model, we calculated
the cross section for stoponium production and multiplied by the corresponding BR to HH in
the plane (mt̃, At). Our results are presented in figure 3 and 4, where we show the exclusion
and projections for the different benchmarks defined in eq. 3.2. We found that for the natural
benchmark B1, where µ = 200 and tβ = 1 (figure 3 — left), both current LHC data and
HL-LHC projections only probe a region of the parameter space that is disfavored by the
constraints; where Unitarity corresponds to the shaded light-grey region, constraints from
corrections to the Higgs trilinear coupling (δλ3h) correspond to the red shaded region, and
constraints from modifications to the Higgs to photon decay width (δΓhγγ) and from the
EW oblique parameters (STU) are denoted by the purple-dotted and blue-dashed lines,
respectively. For the second natural benchmark B2, where µ = 200 and tβ = 10 (figure 3

— right), current data exclude resonances up to 900 GeV, corresponding to stop masses of
450 GeV in a small corner of the parameter space outside the constraints (bottom-left corner
of the plot). According to this benchmark, HL-LHC will discover HH resonances in the range
∼ 0.6–1.3TeV corresponding to stop masses between ∼ 300 − 650GeV.

The bottom line of what these results indicate is that the LHC could discover di-Higgs
resonances in the range of 600–1300 GeV in subsequent runs, as indicated by the unconstrained
region between the green shaded band and the HL-LHC projection black dashed line. This, in
a reasonable natural region of the parameter space. Furthermore, if LHC finds a HH resonance
in this range, according to our analysis, we will be able to infer the value of tβ and At within a
small window. This in turn will allow us to infer the subsequent decay modes of the resonance
according to the right panel of figure 2. As we can see in said figure, our resonance will have a
significant BR to massive gauge bosons, and if this resonance were to be related to naturalness
and the stops, it will also have a significant BR to a pair of top quarks. Finding the same
resonance in any of these channels would amount to strong evidence in favour of the model.

4These bounds imply different lower bounds in the HH resonance mass in the context of different models [98–
110].
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Figure 3. Exclusion contours on the (mt̃, At) plane for the two natural benchmarks. For low tβ the
LHC is expected to find low mass resonances in the range of (500, 800) GeV corresponding to mt̃ in
the range (250, 400) GeV. This region of parameters is disfavored by the constraints we considered;
unitarity (light gray), corrections to the trilinear Higgs coupling (light red), corrections to the Higgs
width to a pair of photons (dotted purple), and EW oblique parameters (dashed blue). As tβ increases,
heavier resonances are expected so that for tβ = 10 a 1.2 TeV resonance is possible, corresponding to
mt̃ = 600GeV. There is a small window of masses, that evade constraints, where the HL-LHC could
find HH resonances from this model as we can see at the bottom of the dashed lines. The black star
represents the benchmark mt̃ = 500GeV and At = 1.63TeV.

Figure 4. Similar to figure 3 but for the tuned benchmarks. The projected sensitivities are similar
to those of the natural benchmarks because both production and decay of stoponium have a small
dependence on µ in the parameter space of interest. However, the constraints ameliorate as µ increases,
which implies a wider range of masses for which HL-LHC could find a HH resonance related to this
model. The black star represents the benchmark mt̃ = 700GeV and At = 2.8TeV.
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The situation for the more tuned benchmarks B2 and B3, for which µ = 1TeV (figure 4),
is quite similar to what happens for the natural benchmarks; future runs of the LHC could
discover HH resonances in the range of 600–1600 GeV as a function tβ . To clarify this point,
we highlight the fact that moving from the left to the right panel of the figure, we can see
how increasing the value of tβ in the range between 1-10, the LHC data can probe resonances
with masses of 500 GeV (corresponding to stop masses of 250 GeV) up to heavier resonances
at 1.6 TeV (corresponding to stop masses of 800 GeV) in a region outside the constraints.

As discussed in previous sections, our calculations assume stoponium production, fast
relaxation, prompt decay, and a narrow width so that our signal efficiency is comparable
to those of the LHC searches. Except for the last, all these assumptions were proved to
be valid for stoponium in Folded SUSY [5]. Here, we would like to discuss further on the
narrow width assumption. In the non-relativistic limit, the partial width for X0

t̃
→ A + B

is given by [111–113]

Γ(X0
t̃ → A + B) = 3β

32π2
|R(0)|2

(2mt̃)2
1

1 + δAB
|M(t̃t̃∗ → AB)|2v=0, (5.1)

where δAB is a statistical factor, the last term is the square of the matrix element of the
process t̃t̃∗ → AB evaluated at zero relative velocity, |R(0)| is the wave function of the
squirkonium bound state when the system collapses into a zero relative distance of the
constituents, and β is as usual

β =

√√√√(1− m2
A + m2

B

(2mt̃)2

)2

− 4m2
Am2

B

(2mt̃)4 . (5.2)

We now make a rough estimate of the width of our neutral stoponium corresponding to the
two benchmark points highlighted in the right panels of figures 3 and 4 that we dub as “signal
benchmark S1” and “signal benchmark S2” for which

S1 : (mt̃, At, µ, tβ) = (500GeV, 1.63TeV, 200GeV, 10), and
S2 : (mt̃, At, µ, tβ) = (700GeV, 2.8TeV, 1TeV, 10),

respectively. To estimate |R(0)| we use classic results on heavy quarkonium bound states (see
e.g. [114]), where we have |R(0)|2/(2mt̃)2 ∼ 0.2GeV for a mass of mt̃ = 500GeV. We can see
in table 1 a comparison of the BR of stoponium to a pair of dark gluons and a pair of Higgses
and the corresponding decay width. We see that in the first signal benchmark the At term is
not large enough to make the HH channel dominate over g′g′. In this case the partial width
ΓHH is about a factor of two smaller than Γg′g′ . For the second signal benchmark, the large At

term causes the partial width ΓHH to be almost a factor of two larger than Γg′g′ , which remains
constant as it does not depend on At. These sub GeV partial widths are in the ballpark
of those reported in classic stoponium literature e.g. [114] where we can find for example
that the 0−+ state, has a total decay width of about 1 GeV for mt̃ = 500GeV, including the
channels gg, γγ, f f̄ , Zγ, ZZ, WW, and ZH. Although our estimates in table 1 justify our
“narrow width” assumption, we believe that a more thorough investigation of the width in
the large At limit is necessary to understand the impact of an enhanced ht̃t̃∗ interaction on
the wave function |R(0)|. We will explore this interesting avenue in for future work.
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Final state
Signal Benchmark S1 Signal Benchmark S2

BR Γ [GeV] BR Γ [GeV]
g′g′ 0.63 0.078 0.33 0.078
HH 0.31 0.033 0.61 0.133
else 0.06 0.007 0.06 0.014

Table 1. Estimate of the partial decay width of the stoponium state and comparison with the
branching ratio for the two signal benchmarks highlighted in the right panel of figures 3 and 4. The
“else” final state includes WW, ZZ and tt̄.

6 Final remarks

We showed how di-Higgs resonances are predicted in Folded SUSY in the limit of large At,
the parameter of the trilinear soft SUSY breaking term, in the stop sector. Our results
are relevant for subsequent runs at the LHC, where these resonances could be discovered
in the range of 500–1600 GeV under reasonable assumptions. These values correspond to
stop masses between 250 and 800 GeV.

The observation that stoponium bound states preferentially decay to HH has been made
in past in the context of the MSSM. However, these bound states can only be conceived in
the MSSM for light stops, in a range of masses excluded by LHC searches. Our analysis
brings back the possibility that stoponium bound states will produce HH resonances that
the LHC will soon discover but this time in the context of F-SUSY. This makes a direct
connection between HH resonances, the third generation of (s)quarks, and Naturalness.

Although our analysis focuses on F-SUSY, we argue that the main ingredients of the
model that led us to the main results are also present in other models of NN. In general, in
NN models the Higgs is the portal between the SM and the dark (or mirror) sectors. What
we showed in this paper is that enhancing the parameter that connects the Higgs with the
third generation quirks in the dark sector has two effects: it enhances the production of the
corresponding squirkonium state, and it enhances its BR to HH. Once the LHC discovers
a HH resonance, a thorough study of its decay modes will serve to unveil the underline
theory responsible for said resonance. A pattern like the one in the right panel of figure 2
will be a smoking gun pointing at F-SUSY, and it will help us determine some of the model
parameters. In a different model of NN the squirkonium bound state will have a different
pattern of decays that deserve detailed study in future work.
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