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The existence of Higgs boson h predicted by the standard model (SM) was established and hunting for
clues to new physics (NP) hidden in h has become the top priority in particle physics. In this paper we
explore an intriguing phenomenon that prevails in NP associated with h, bound state (B, referring to the
ground state only) of relatively heavy particles ¢ out of NP via interchanging h. This is well-motivated due
to the intrinsic properties of h: It has zero spin and light mass, capable of mediating Yukawa interactions;
moreover, it may be strongly coupled to ¢ in several important contexts, from addressing the naturalness
problem by compositeness/supersymmetry (SUSY)/classical scale invariance to understanding neutrino
mass origin radiatively and matter asymmetry by electroweak baryogensis. The new resonance Bj, being
a neutral scalar boson, has important implications to the large hadron collider (LHC) di-Higgs search
because it yields a clear resonant di-Higgs signature at the high mass region (= 1 TeV). In other words,
searching for By offers a new avenue to probe the hidden sector with a Higgs-portal. For illustration
in this paper we concentrate on two examples, the stop sector in SUSY and an inert Higgs doublet
from a radiative neutrino model. In particular, h-mediation opens a new and wide window to probe the
conventional stoponium and the current date begins to have sensitivity to stoponium around TeV.
© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Force mediator: a new face of Higgs boson

The main focus of particle physics lies on aspects of the newly
discovered member of SM, the Higgs boson h. It is commonly be-
lieved to be the portal to the mysterious new physics world where
the gauge hierarchy problem, dark matter, neutrino mass or/and
baryon asymmetry origins may be addressed. Specific to LHC, di-
Higgs search is of particular interest since it could help to reveal
the Higgs potential [1,2].

In this paper we explore the thought-provoking hypothesis that
h plays the role of force carrier and mediates new interaction be-
tween particles (collectively denoted as ¢) out of the NP sector,
making them form bound state Bj. This hypothesis is well mo-
tivated grounded on three basic properties of h. First of all, it is
a spin-0 particle and thus mediates Yukawa interaction. Next, its
mass my ~ 125 GeV is much lighter than the NP states, which are
expected to be around the TeV scale, and thus h can be regarded
almost massless. Last but not least, the interacting strengths of h
to ¢ are unknown but there are convincing examples indicating
that they are, or at least can be fairly strong, e.g., in the theories
addressing naturalness problem by classical scale invariance and
understanding matter asymmetry via electroweak baryogensis, the
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Higgs field may strongly couple to some new scalar fields so as
to trigger classical scale symmetry breaking and strong first-order
EWPT, respectively; in particular, in the composite Higgs scenario,
h, being a pseudo Goldstone boson, is a strong reminiscence! of
the pion of Hideki Yukawa, which has large couplings with nucle-
ons and thus bound them in nuclei.> Therefore, the existence of By,
in NP is in expectation.

The bound state By via Higgs boson exchanging shows a re-
markable feature, i.e., it dominantly decays into a pair of force car-
rier, namely di-Higgs boson. Therefore, as long as the bound state
Bj, has an abundant production at LHC, we are going to observe
a remarkable resonant di-Higgs signature; see Fig. 1. This new ob-
servation is one of the key difference between our paper and the
quite old papers which considered Higgs exchange effect restricted
to quarkonium, bound state of hypothetical heavy quarks [4] (or
even Higgs-Higgs bound state [5]). Furthermore, now we already
largely pin down the Higgs boson and know it should lead to a

! For instance, it may bound the exotic spin-1 resonance [3] despite not the spin-
1/2 top partners, the more robust prediction but with suppressed couplings to h
owing to the small composite-fundamental mixing.

2 In the chiral perturbative theory, pions are pseudo Goldstone boson (composite)
particles from chiral symmetry breaking.
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Fig. 1. Production and decay of bound state Bj, which looks like a new resonance
dominantly decaying into di-Higgs boson.

new type of interaction other than the gauge interactions, so it is
the right time to explore By in a wide context of NP.

2. General aspects of By,
2.1. Formalism for By,

We start with a simplified model which captures the main fea-
tures of By at LHC. The ingredients include the force carrier h and
the constituent ¢, which is assumed to be a scalar (complex for
the time being) field, along with the Higgs-portal interactions

—Lh = Ungphle|® +myld|?. (1)

The discussions can be easily generalized to other cases, says a
fermionic or vector ¢. Probably, ¢ carries the SM charges such as
SU(3)¢ and/or U(1)y, which is important in the production of By
at LHC.

In the bound state of ¢, the internal motion is nonrelativistic
and thus its dynamics can be described by quantum mechanism
or concretely, the Schrodinger equation

2
(— v +V(T’)> V() =EV (D), (2)
2/

where i, =mg/2 is the reduced mass and V is the central poten-
tial, which, specific to Higgs interchanging, is the Yukawa potential
—Ze=MT with oy = uﬁ/(lﬁnmé) [6]. Although the exact analyti-
cal solution to Eq. (2) is not available, an approximate one can be
found based on the scaled Hulthen potential [7]

Rsmy, e—Rsmhr
1 — e—Rsmpr ’

Vsu(r) = —ap 3)
where R; &~ 1.75 [7]. Both the standard Hulthen [8] and rescaled
Hulthen potential resemble the Yukawa potential and admits an
exact solution, but the latter is better when the bound state is just
marginally formed. Consider the squared bound state wavefunction
(S-wave) at the origin

RZ \?
1— s
" n3 Ta3 n3 64mr ’

where mp = 2my and ag >~ 1/apur is the characteristic scale of
Bj, the Bohr radius; Dy = mh’l/ao is a good measurement of how
Coulomb-like the system is. Hereafter we will consider the ground
state only, hence dropping the subscript.

The Coulomb limit is Dy > 1, i.e.,, the screening length 1/my,
is much longer than the Bohr radius. If Dy approaches one, the
screening effect is strong; the critical condition for the existence of
at least one bound state, i.e., the ground state, is Dy = 0.84 [9,10]
(note that the above approximation may be valid only for D, 2> 1).
This condition is fulfilled when

2 0.3
mg 2 0.84 x —my ~ 0.7 x (—) TeV. (5)
Qh Qh

Due to the heaviness of force carrier h, bound state can exist only
for either heavy constitutes or rather strong self-coupling close to
the perturbative bound. On the other hand, one can derive an up-
per bound for the massive coupling by requiring that the lifetime
of the bound state should be longer than the time scale of its for-
mation, the inverse of the binding energy [11], namely

s, S Ep= ap S1/N. (6)

We have used I'p, ~ I', _.pn in Eq. (8). N is the color factor from
¢ and for N, = 3 one has op < 0.7, while for N, =1 the bound
coincides with the perturbativity bound.?

2.2. Resonant di-Higgs signature from By,

At hadron colliders like LHC, the bound state B can be created
when the pairly produced ¢ have center-of-mass (CM) energy just
below the threshold mg. B, is not stable and overwhelmingly de-
cays into a pair of Higgs boson.* Therefore, provided a sizable cross
section of By, a clear prediction of new resonance in the di-Higgs
channel is furnished. In this subsection we will detail the produc-
tion and decay of Bp.

Let us begin with the annihilation decay of By (neglecting the
open “flavor” decay). In general, the partial decay widths of By into
XY can be calculated in terms of the amplitude of annihilation
¢¢* — XY and the bound state wave function at the origin [13]

1 Nc 2 3 5

Mpoxy==———— [ dlly— | Mypp+— v (0)|°, 7

B—XY 2m31+8xy/ sz| oo —xy |7V (0)] (7)
with dxy the statistic factor. For instance, for A= B =h one has

4
Ne |W(0)? A,

I'p_hn ~ , 8

B—hh N T 2 Bn (8)

with g, = (1 —4mﬁ/m‘23)1/2. Since a relatively heavy ¢ is re-
quired because of Eq. (5), thus mé > mﬁ. Then the squared am-
plitude (the factor in the squared bracket) can be approximated as
~ (Upgp/myp)* = (16w ap)? = 404 x (crp/0.4)2, a large value. There-
fore it tends to dominate over other modes. As a comparison,
consider a colored ¢, for concreteness in the fundamental repre-
sentation of SU(3). such as stop/sbottom that will be discussed
later. Then Bj, can decay into gg with width [14,15]

Ne W (0)2 256n2a2
167 m3

9 S
Note that for a scalar ¢ with electroweak (EW) charges, the anni-
hilation ¢¢* — Z*/y* — qq is p-wave suppressed and hence the
corresponding Bj production via qg — By, is inaccessible.

On top of those annihilation decay modes via the u/t-channels
¢ mediation or contact interactions, the decay modes via s-channel
Higgs mediation may be also important. This is particularly true for
the VV modes with V =W, Z, because we are considering a TeV
scale bound state and thus they obtain the Goldstone enhancement
factor m3/m2, > 1°:

FBh—>gg ~ i| << rBh—>hh' (9)

3 It may be the right place to make a comment on the possible issue on
the unstable force mediator. Naively, in this case the Yukawa potential obtained
from one-Higgs boson exchange diagram will be modified as e ™' /(4mr) —
e~ mnH+iln/2r /(47rr) with T, the Higgs boson width, around 4 MeV in SM. It is
much smaller than the Higgs boson mass and thus is of no numerical importance.
In other words, as long as the force mediator is sufficiently long-lived compared to
the bound state forming time scale, we can treat it as a stable particle.

4 In the context of bound state, some authors investigated this but just for ex-
ploring the possibility [12].

5 The decay width can be also simply obtained via the B, —h mixing discussed
below.
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N 0[4 mp 2
T, vy & 8y —0 (7) mg, (10)

256w

with §y = 1,2 for V =W and Z, respectively. Note that there
may be additional contributions from other channels if ¢ car-
ries SU(2); x U(1)y charges, but they are supposed to be sub-
dominant owing to the absence of upgs enhancement from |$|%h
coupling. As for ', fr, dominated by tt, is always suppressed
for mp = 0.5 TeV; the branching ratio typically is < 1%. In sum-
mary, the ratio I'g,~ww+zz/'B,—hn :3(m3/v)2/64n exceeds 1
for mp = 2.0 TeV; for even much heavier By, its decays become the
same as a singlet Higgs boson which decays via its mixing with the
SM-like Higgs boson. Whereas for mp substantially below 2 TeV, it
is well justified to set Br(By — hh) ~ 100%.

In our framework, the Higgs boson and bound state unavoid-
ably mix with each other, and they might have a sizable mixing
angle by virtue of the large coupling upg4e. In this case, the bound
state (especially formed by the SM singlet or without S-wave an-
nihilation despite of SM charges) can be produced through gluon-
gluon-fusion (GGF) [16]. After EW symmetry breaking, mﬁB, the
mass squared matrix for h and By, have entries [16]

2 412 2 ~ 2
(th>11_4M}’ (th> ~ M.

W (0)] af

(mks),, = (mha) ., = V2" s oo ~ 5. an
where A is the SM Higgs quartic coupling and v = 174 GeV. Since
mp is heavy, mixing effect could pull down the SM Higgs bo-
son mass and then we call for a larger A than the SM prediction
Asm &~ 0.13 [17]. A conservative bound on mp and oy can be de-
rived from requiring the absence of tachyon, which probably signs
the condensation of ¢¢* and then the pattern of EWSB is modified
and therefore the discussions here become invalid.® A more strin-
gent bound is from requiring the mixing angle 6,p should satisfy
sinfpp < 0.34 [19]. In our latter studies the mixing angle will be
significantly below this bound.

If the mixing angle is very small, By can still be produced pro-
vided that ¢ carries SM charges in particular color. As an example,
we identify Bj as the stop bound state, the stoponium. The cross
section of By production from GGF could be calculated with Eq. (9)
at hand [14]:

o0(gg — B) = f:(Dyp) 22 ar —3 ng(mB)FBegg
Cg mp
72 a3
= Fe DT fg<x>fg( °). a2
B o
with xp = mB/s (s is the collider energy) and color factor Cg =8.

For D > 1 the factor f;(Dy) =¢(3) ~ 1.2 comes from the sum-
mation over the exciting states ns (n = 1,2,...). However, for
Dp ~ 1 only the ground state is accessible and then f;(Dp) =1.
However, for a EW charged scalar ¢ one cannot expect the By, pro-
duction via the Drell-Yan process qq — Bj with reasons explained
previously.

2.3. Modifications to the Higgs signatures

In the simplified model the phenomenology of bound state is
closely related to the Higgs signature rates, which in turn restrict

6 Such a interesting topic has been investigated within the MSSM [18] where the
stop bound state is also by exchanging Higgs boson. But that bound state, requiring
even much larger A; coupling, may be not nonrelativistic, which is different than
our object, a nonrelativistic bound state at LHC.

the viable parameter space that accommodates By. If ¢ is colored
and charged, both the production and radiative decay of ¢ will be
modified, with amounts

¢ Q
dry X rsm,y + Sign(Upgg) ——— 2w —

drg A Tsm, g + Sign(Unge)C(P)v/ 2Tty m_¢ (13)

with rem ¢ 2~ 0.97 and rsy, ~ —0.81. d(¢) is the dimension of rep-
resentation of ¢ under SU(3). and C(¢) =1/2 for d(¢) =3.In a
more complete model, it is likely that ¢ possesses a partner which
also contributes to the above; see examples later. In general, the
current data, due to the unprecise knowledge of Higgs couplings
while heaviness of ¢, has not yielded a stringent constraint yet.

3. Examples
3.1. Large A¢/u-term & stoponium/sbottomonium

In the UV models upgg can be generated in two ways. One is
via the usual Higgs portal term and the other one is via a trilinear
massive coupling. In NP models there are well motivated examples
for both ways, and in the following we present two examples for
them one by one.

Consider the stop sector in the supersymmetric SMs (SSMs).
To mitigate the fine-tuning problem of EW scale caused by the
125 GeV Higgs boson, the stop sector, in particular of the min-
imal SSM, is strongly favored to have a large trilinear soft SUSY
breaking term [17] and thus a large coupling upgz htit1 is well
expected. The stop sector contains three parameters, collected in
the stop mass squared matrix m2, (in the basis (. t1)):

2 %
2 RR tAt
M op A 14

stop ( meXe m? )’ (14)

with mﬁR/LL being free parameters and X; = A; — pcot 8 ~ A; for
tanB = vy/vg > 1 and a relatively small p-term for naturalness.
A; characterizes the trilinear soft SUSY breaking term

~ h \~
_ﬁsoft D yrAety (Vu + E) l'fz +h.c., (15)

where we have assumed an exact decoupling limit of the Higgs
bosons. The two mass eigenstates of Eq. (14) are ?1,2, which have
masses 1, , and are related to the gauge eigenstates via f; =
cos 6t — sinéty and Tg = sinét; + cosb;t,, with 6; the stop mix-
ing angle. With them we derive the massive coupling

~Liit, = iggg, T I? with g, ~ === sin26;. (16)

f 2v
Thus, asides from a large A, maximal mixing 6; ~ 7 /4 is required.
The typical configuration of stop sector that accommodates By is
shown in the left panel of Fig. 2; for generality, we do not restrict
to the case that stop radiative correction is the only extra source
for my,.

Comments are in orders. First, the sufficiently narrow decay
width of t; can be guaranteed as long as the two-body decay to
the lightest sparticle (LSP) is suppressed or even forbidden. For in-
stance, they have almost degenerate mass with the LSP or even
they are the NLSP but with a gravitino LSP. Second, exchanging
gluons also contributes to formation of stoponium/sbottomonium,
but it is subdominant to the contribution from exchanging Higgs,
because typically one has o considerably larger than %ots under
the constraint Eq. (5). Third, the Higgs diphoton rate shift, as men-
tioned before, receive contributions from both stops:
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Fig. 2. Parameter spaces accommodating By, for two examples. Stop sector (left): msop =my;, =1.3mgg and A = 0.18; the shaded region satisfies
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and Dp > 0.84. We show the mass of my, (blue lines) and the amount of Higgs diphoton change (dashed lines). IDM (right): the shaded region satisfies oy < 0.7 and
Dp > 0.84; A =0.23. In both plots the red lines, which can be adjusted by taking different A, label m, = 125 GeV. (For interpretation of the references to color in this figure,

the reader is referred to the web version of this article.)

(17)
t1 ty t] ty

Last but not least, sbottomonium is also well motivated from the
sbottom sector (see another example in Ref. [20]). We admit a
serious little hierarchy problem without a large A; term to en-
hance mp. Then, one needs very heavy stops and thus usually,
owing to the renormalization group evolution of the Higgs param-
eter mH , a multi-TeV scale p-term is necessary to fulfill successful
EWSB. Such a large w, aided by a large tan 8 and maximal sbottom
mixing can induce sbottomonium:

mp tan g
V2v

3.2. Can ¢ be a dark matter field?

wHyHg + ypQ3HqUS = wsin26,h(by 2. (18)

It is of great interest to consider the situation that ¢ is a dark
matter field, however, h-mediated DM-nucleon spin-independent
(SI) scattering excludes this possibility. The cross section can be
written as

4
agw%z ( qf(")) =3.6x 1075 x (3‘—’;) pb,
4 :

where we have used the values of f(") presented in Ref. [21]. For

DM of a few 100 GeVs, the predlcted o exceeds the LUX bound
by two orders of magnitude [22]. Despite of the potential can-
cellation from other contributions in a complete model, we are
interested in a more viable and natural scenario: The dark sector
contains some heavier states other than the DM candidate; some
of them are long-lived due to the narrow decay width into the
lighter dark states, thus being the candidate of ¢.

A good case in point is the inert Higgs doublet ®; (&, is the
SM Higgs doublet) from the celebrated radiative neutrino model
of Ma [23], where the singlet Majorana fermion N (single family
for our purpose) is identified as the DM candidate [24] and @4
provides the candidate for ¢. The relevant terms are collected in
the following

(19)

—Lna = 13| D1 2] D212 + ha| T D2

where yy is small to make ¢ slowly decay. The mass spectrum of
@1 =(CT, (S+iA)/VD)T is

m% =m2 —2xsv2, m2=m?2 — (g + A5)v2, (21)
with mg, the mass of S, a free parameter. The trilinear couplings

involving a single h can be written as

2 2
1% me-~—m
—Lp D V203vhCHC™ + — [ a3 — —C——5 | hs?
\/i V2

2 2
v me-—m
+— (xg——cvz A)hAZ. (22)

NG

We choose C = ¢. Let us explain why S/A cannot be the DM can-
didate. To ensure h very weakly coupled to DM? but strongly to
C*t(C~, a large mass splitting between DM and C is necessary; in
turn, the decay C — DM + W is rendered too fast, thus C failing
to be ¢.

In the absence of DM constraints, A3 45 can be large, only
loosely constrained by perturbativity, < 8w [25]. Consider |A4],
[A5], 1 < A3 (A3 > O for vacuum stability), which gives rise to a de-
generate spectrum and thus naturally passes the EW precision test.
Now we have o, = (A3v/ms)? /8. Combining withIthe bound
Eq. (5), a large A3 is required: A3 = 8.5 x (0%1) (%:)2. It is well
motivated to trigger a strong first-order electroweak phase transi-
tion (SFOPT). Optimistically, the strength of SFOPT is estimated to
be [26,27]

V(Te)/Te ~ 4(r3/2)*? /6w Agm ~ 10, (23)

which is strong enough for successful EW baryogensis. With that
large X3, C decreases the Higgs to diphoton rate by an amount

about

2 mwoap o Dy ap .
iy 33 = =10% x 5g4/ o0&~ Several aspects of this bound

state are demonstrated in the right panel of Fig. 2.

Actually, the key point of the above model is nothing but the
usual Higgs portal n|®;|%|¢|> with 1 > 1. Such a strongly inter-
acting portal is crucial in any models (not only in the IDM above)
for SFOPT via bosonic thermal loops, and so does in the models
for triggering classical scale symmetry breaking via new bosonic
degrees of freedom [28]. In other words, in such a large kind of
models which are well motivated by NP one can expect By.
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Fig. 3. Current status of resonant di-Higgs: Bj from stop (solid lines) and IDM
(dashed lines). The orange and black dots are the LHC 13 TeV and 8 TeV data, re-
spectively. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

3.3. Current status of By at LHC

Searching for By (via di-Higgs resonance) offers a new avenue
to probe the hidden sector with a Higgs-portal. Recently, resonant
di-Higgs signature pp — X — hh has been extensively searched at
8 & 13 TeV LHC in various channels, bbyy [29-31], bbr7 [31] and
4b, resolved or boosted [32,33]. The best sensitivity has reached
O(10) fb near the TeV region for X (in 4b channel). To end up this
paper, we demonstrate the present sensitivity to B, at LHC, with
those from the stop sector and IDM as examples; see Fig. 3. It is
seen that for the stop case (solid lines) with o, = 0.7, the current
LHC 13 TeV date begins to have sensitivity to B, around 1.0 TeV;
while for the IDM case (dashed lines), the production of By, is via
Higgs-By, mixing (taking a relatively large value sinf,p = 0.15), we
still have to wait for more data to yield a bound. Anyhow, a good
sensitivity to By probably would be delayed to the 14 TeV LHC.
And if a heavy di-Higgs resonance is observed then, B, would be
a very competitive candidate.

4. Conclusions

Bound state via the SM Higgs boson exchanging is well ex-
pected in NP, for instance in supersymmetry and radiative neutrino
models. This kind of bound state is bound to show up in the reso-
nant di-Higgs channel and maybe in the Higgs precision tests.
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