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A number of popular extensions of the Standard Model of particle physics predict the existence of
doubly charged scalar particles X±±. Such particles may be long-lived or even stable. If exist, X−−

could form atomic bound states with light nuclei and catalyze their fusion by essentially eliminating
the Coulomb barrier between them. Such an X-catalyzed fusion (XCF) process does not require
high temperatures or pressure and may have important applications for energy production. A similar
process of muon-catalyzed fusion (µCF) has been shown not to be a viable source of energy because
of the sticking of negative muons to helium nuclei produced in the fusion of hydrogen isotopes,
which stops the catalytic process. We analyze XCF in deuterium environments and show that the
X-particles can only stick to 6Li nuclei, which are produced in the third-stage reactions downstream
the catalytic cycle. The corresponding sticking probability is very low, and, before getting bound
to 6Li, each X-particle can catalyze ∼ 3.5 · 109 fusion cycles, producing ∼ 7 · 104 TeV of energy. We
also discuss the ways of reactivating the X-particles from the Coulomb-bound (6LiX) states, which
would allow re-using them in XCF reactions.

Introduction.—A number of popular extensions of the
Standard Model (SM) of particle physics predict the ex-
istence of doubly charged scalar particles X±±. These
include the Type-II seesaw [1–6] and the Zee-Babu [7, 8]
models of neutrino masses, the Left–Right model [9–
11], the Georgi–Machacek model [12–16], the 3-3-1 model
[17, 18] and the little Higgs model [19]). Doubly charged
scalars appear also in simplified models, in which one
merely adds such scalars in various representations of
SU(2)L to the particle content of the SM. The La-
grangian of the model is then complemented by gauge-
invariant interaction terms involving these new fields
[20, 21].

Doubly charged scalar particles may be long-lived or
even stable [22–24]. As the simplest example, one can
add to the SM an uncolored SU(2)L-singlet scalar field
X with hypercharge Y = 2 [21]. The corresponding dou-
bly charged particles will couple to the neutral gauge
bosons γ and Z0 and may also interact with the SM
Higgs boson H through the (H†H)(X†X) term in the
Higgs potential. Gauge invariance allows, in addition,
the Yukawa coupling of X to right-handed charged lep-
tons, hX lRlRX+h.c. This is the only coupling that makes
the X-particles unstable in this model; they will be long-
lived if the Yukawa coupling constants hX are small. The
Yukawa coupling of X may be forbidden by e.g. Z2 sym-
metry X → −X, in which case the X-scalars will be sta-
ble. For discussions of current experimental constraints
on the doubly charged particles and of the sensitivities
to them of future experiments see [21–26] and references
therein.

In addition to interesting particle-physics phenomenol-
ogy, the doubly charged scalars may have important im-
plications to cosmology. In this Letter we will, however,
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consider another aspect of their possible existence. As we
shall demonstrate, doubly charged particles can catalyze
fusion of light nuclei, with potentially important appli-
cations for energy production. The negatively charged
X−− (which we will hereafter simply refer to as X) can
form atomic bound systems with the nuclei of light ele-
ments, such as deuterium, tritium or helium. One exam-
ple is the antihelium-like (ddX) atom with the X-particle
as the “nucleus” and two deuterons in the 1s atomic state
instead of two positrons. (Here and below we use the
brackets to denote states bound by the Coulomb force).
As X is expected to be very heavy, the size of such an
atomic system will in fact be determined by the deuteron
mass md and will be of the order of the Bohr radius of the
(dX) ion, ad ' 7.2 fm. Similar small-size atomic systems
(NN ′X) can exist for other light nuclei N and N ′ with
charges Z ≤ 2.

Atomic binding of two nuclei to an X-particle brings
them so close together that this essentially eliminates the
necessity for them to overcome the Coulomb barrier in or-
der to undergo fusion. The exothermic fusion reactions
can then occur unhindered and do not require high tem-
perature or pressure. The X-particle is not consumed in
this process and can then facilitate further nuclear fusion
reactions, acting thus as a catalyst.

This X-catalyzed fusion mechanism is to some extent
similar to muon catalyzed fusion (µCF) ([27–34], see [35–
41] for reviews), in which the role of the catalyst is played
by singly negatively charged muons. µCF of hydrogen
isotopes was once considered a prospective candidate for
cold fusion. However, already rather early in its studies it
became clear that µCF suffers from a serious shortcoming
that may prevent it from being a viable mechanism of
energy production. In the fusion processes, isotopes of
helium are produced, and there is a chance that they
will capture on their atomic orbits the negative muons
present in the final state of the fusion reactions. Once
this happens, muonic ions (3Heµ) or (4Heµ) are formed,
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which, being positively charged, cannot catalyze further
fusion reactions. This effect is cumulative; the sticking to
helium nuclei thus eventually knocks the muons out from
the catalytic process, i.e. the catalytic poisoning occurs.

Out of all µCF reactions, the d−t fusion has the small-
est muon sticking probability, ωs ' 10−2. This means
that a single muon will catalyze ∼100 fusion reactions be-
fore it gets removed from the catalytic process. The cor-
responding total produced energy is ∼1.7 GeV, which is
at least a factor of five smaller than the energy needed to
produce and handle one muon [31]. In addition, muon’s
short lifetime makes it impractical to try to dissolve the
produced (3Heµ) or (4Heµ) bound states by irradiating
them with particle beams in order to reuse the released
muons. These considerations have essentially killed the
idea of using µCF for energy production.

There were discussions in the literature of the possibil-
ity of energy generation through the catalysis of nuclear
fusion by hypothetic heavy long-lived or stable singly
charged [33, 42–44] or fractionally charged [45] particles.
However, it has been shown in [33, 43, 44] that these pro-
cesses suffer from the same problem of catalytic poisoning
as µCF, and therefore they cannot be useful sources of
energy. In particular, in ref. [43] it was demonstrated
that reactivation of the catalyst particles by irradiating
their atomic bound states with helium nuclei by neutron
beams, as suggested in [45], would require beams that
are about nine orders of magnitude higher than those
currently produced by most powerful nuclear reactors.

In this Letter we consider the fusion of light nuclei
catalyzed by doubly negatively charged X-particles and
demonstrate that, unlike µCF, this process may be a vi-
able source of energy. We analyze X-catalyzed fusion in
deuterium environments and show that the catalytic poi-
soning may only occur in this case due to the sticking of
X-particles to 6Li nuclei which are produced in the fusion
reactions of the third stage. The corresponding sticking
probability is shown to be very low, and, before getting
bound to 6Li, each X-particle can catalyze ∼ 3.5 · 109

fusion cycles, producing ∼ 7 · 104 TeV of energy.

X-catalyzed fusion (XCF) in deuterium.— We will be
assuming that X-particles interact only electromagneti-
cally, which in any case should be a very good approx-
imation at low energies relevant to nuclear fusion. Let
X-particles be injected in pressurized D2 gas or liquid
deuterium. Being very heavy and negatively charged,
the X-particles can easily penetrate D2 molecules and
D atoms, dissociating the former and ionizing the lat-
ter and loosing energy on the way. Once the velocity
of an X-particle becomes comparable to atomic veloci-
ties (v ' 2e2/h̄ ∼ 10−2c), it captures a deuteron on a
highly excited atomic level of the (dX) system, which
then very quickly de-excites to its ground state, mostly
through electric dipole radiation and inelastic scattering
on the neighboring deuterium atoms. As the (dX) ion is
negatively charged, it swiftly picks up another deuteron
to form the (ddX) atom. The characteristic time ta of
this atomic phase of the XCF process is dominated by

the X moderation time and is ∼ 10−10 s at liquid hydro-
gen density N0 = 4.25 × 1022 nuclei/cm3 and T ' 20K
and about 10−7 s in deuterium gas at 0◦C and pressure
of one bar (see sec. I A 1 of the Supplemental material).

After the (ddX) atom has been formed, the deuterons
undergo nuclear fusion through several channels, see be-
low. Simple estimates show that the fusion rates are
many orders of magnitudes faster than the rates of the
atomic formation processes. That is, once (ddX) [or sim-
ilar (NN ′X)] atoms are formed, the fusion occurs practi-
cally instantaneously. The time scale of XCF is therefore
determined by the atomic formation times. The rates of
fusion reactions, however, determine the branching ratios
of various fusion channels, which are important for the
kinetics of the catalytic cycle.

At the first stage of XCF in deuterium two deuterons
fuse to produce 3He, 3H or 4He. In each case there is
at least one channel in which the final-state X forms
an atomic bound state with one of the produced nuclei.
Stage I fusion reactions are

(ddX)→ 3He + n+X (Q = 2.98 MeV, 29.1%) (1a)

(ddX)→ (3HeX) + n (Q = 3.89 MeV, 19.4%) (1b)

(ddX)→ 3H + p+X (Q = 3.74 MeV, 34.4%) (2a)

(ddX)→ (3HX) + p (Q = 4.01 MeV, 6.2%) (2b)

(ddX)→ 3H + (pX) (Q = 3.84 MeV, 0.5%) (2c)

(ddX)→ 4He + γ +X (Q = 23.6 MeV, 4·10−9) (3a)

(ddX)→ (4HeX) + γ (Q = 24.7 MeV, 3·10−8) (3b)

(ddX)→ 4He +X (Q = 23.6 MeV, 10.4%) (3c)

Here in the parentheses the Q-values and the branch-
ing ratios of the reactions are shown. In evaluating the
Q-values we have taken into account that the atomic
binding of the two deuterons to X in the initial state
reduces Q, whereas the binding to X of one of the final-
state nuclei increases it. As the Bohr radii of most of
the X-atomic states we consider are either comparable
to or smaller than the nuclear radii, in calculating the
Coulomb binding energies one has to allow for the finite
nuclear sizes. We do that by making use of a variational
approach.

The rates of reactions (1b), (2b), (2c) and (3b) with
bound X-particles in the final states are proportional
to the corresponding X-particle sticking probabilities,
ωs. The existence of such channels obviously affects the
branching ratios of the analogous reactions with free X
in the final states.

Radiative reactions (3a) and (3b) have tiny branching
ratios, which is related to their electromagnetic nature
and to the fact that for their X-less version, d + d →
4He + γ, transitions of E1 type are strictly forbidden.
This comes about because the two fusing nuclei are iden-
tical, which, in particular, means that they have the same
charge-to-mass ratio. This reaction therefore proceeds
mainly through E2 transitions [34]. When the deuterons



3

are bound to X, the strict prohibition of E1 transitions
is lifted due to possible transitions through intermediate
excited atomic states.1 However, as shown in sect. I C 2
of the Supplemental material, the resulting E1 transitions
are in this case heavily hindered and their rates actually
fall below the rates of the E2 transitions.

Reaction (3c) is an internal conversion process. Note
that, unlike for reactions (1a) - (3b), the X-less version
of (3c) does not exist: the process d + d →4He is for-
bidden by kinematics. For the details of the calculation
of the rate of reaction (3c) as well as of the rates of the
other discussed in this Letter reactions, their Q-values
and sticking probabilities, see the Supplemental material.

The final states of reactions (1a), (2a), (3a) and (3c)
contain free X-particles which are practically at rest and
can immediately capture deuterons of the medium, form-
ing again the (ddX) atoms. Thus, they can again cat-
alyze d−d fusion through stage I reactions (1a)-(3c). The
same is also true for the X-particles in the final state
of reaction (2c) which emerge being bound to protons.
Collisions of (pX) with deuterons of the medium lead to
fast replacement of the protons by deuterons through the
exothermic charge exchange reaction (pX)+d→ (dX)+p
with the energy release ∼50 keV. The produced (dX) ion
then picks up a deuteron to form the (ddX) atom, which
can again participate in stage I reactions (1a)-(3c).

The situation is different for the X-particles in the fi-
nal states of reactions (1b) and (2b) forming the bound
states with 3He and 3H, respectively. They can no longer
directly participate in stage I d−d fusion reactions. How-
ever, they are not lost for the fusion process: the pro-
duced (3HeX) and (3HX) can still pick up deuterons of
the medium to form the atomic bound states (3HedX)
and (3HdX), which can give rise to stage II fusion reac-
tions, which we will consider next.

Before we proceed, a comment is in order. While
(3HX) is a singly negatively charged ion which can ob-
viously pick up a positively charged deuteron to form an
(3HdX) atom, (3HeX) is a neutral X-atom. It is not
immediately obvious whether it can form a stable bound
state with d, which, if exists, would be a positive ion. In
the case of the usual atomic systems, analogous (though
negatively charged) states do exist – a well-known exam-
ple is the negative ion of hydrogen H−. However, the
stability of (3He dX) cannot be directly deduced from
the stability of H−: in the latter case the two particles
orbiting the nucleus are identical electrons, whereas for
(3HedX) these are different entities – nuclei with differing
masses and charges. Nevertheless, from the results of a
general analysis of three-body Coulomb systems carried
out in [46–48] it follows that the state (3HedX) (as well as
the bound state (4HedX) which we will discuss later on)

1 The author is grateful to M. Pospelov for raising this issue and
suggesting an example of a route through which E1 transitions
could proceed in reaction (3b).

should exist and be stable. For additional information
see sec. I A 3 of the Supplemental material.

Once (3HeX) and (3HX), produced in reactions (1b)
and (2b), have picked up deuterons of the medium and
formed the atomic bound states (3HedX) and (3HdX),
the following stage II fusion reactions occur:

(3HedX)→ 4He + p+X (Q = 17.4 MeV, 94%) (4a)

(3HedX)→ (4HeX) + p (Q = 18.6 MeV, 6%) (4b)

(3HedX)→ 4He + (pX) (Q = 17.5 MeV, 3·10−4) (4c)

(3HdX)→ 4He + n+X (Q = 17.3 MeV, 96%) (5a)

(3HdX)→ (4HeX) + n (Q = 18.4 MeV, 4%) (5b)

In these reactions vast majority of X bound to 3He and
3H are liberated; the freed X-particles can again form
(ddX) states and catalyze stage I fusion reactions (1a)-
(3c). The same applies to the final-state X-particles
bound to protons, as was discussed above. The remain-
ing relatively small fraction of X-particles come out of
stage II reactions in the form of (4HeX) atoms. Together
with a very small amount of (4HeX) produced in reaction
(3b), they pick up deuterons from the medium and form
(4HedX) states, which undergo stage III XCF reactions:

(4HedX)→ 6Li + γ +X(Q = 0.32 MeV, 10−13) (6a)

(4HedX)→ (6LiX) + γ (Q = 2.4 MeV, 2·10−8) (6b)

(4HedX)→ 6Li +X (Q = 0.32 MeV, ' 100%) (6c)

In these reactions, almost all previously bound X-
particles are liberated and are free to catalyze again nu-
clear fusion through XCF reactions of stages I and II.
The remaining tiny fraction of X-particles end up being
bound to the produced 6Li nuclei through reaction (6b).
However, as small as it is, this fraction is very important
for the kinetics of XCF fusion. The bound states (6LiX)
are ions of charge +1; they cannot form bound state with
positively charged nuclei and participate in further XCF
reaction. That is, with their formation catalytic poison-
ing occurs and the catalytic process stops.

From the branching ratios of stage I, II, and III XCF
reactions it is easy to find that the fraction of the ini-
tially injected X-particles which end up in the (6LiX)
bound state is ∼ 2.8× 10−10. This means that each ini-
tial X-particle, before getting stuck to a 6Li nucleus, can
catalyze ∼ 3.5× 109 fusion cycles.

Direct inspection shows that, independently of which
sub-channels were involved, the net effect of stage I, II
and III XCF reactions is the conversion of four deuterons
to a 6Li nucleus, a proton and a neutron:

4d→ 6Li + p+ n+ 23.1 MeV. (1)

Therefore, each initial X-particle will produce about
7 × 104 TeV of energy before it gets knocked out of the
catalytic process. It should be stressed that this assumes
that the X-particles are sufficiently long-lived to survive
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during 3.5 × 109 fusion cycles. From our analysis it fol-
lows that the slowest processes in the XCF cycle are the
formation of positive ions (3HedX) and (4HedX). The
corresponding formation times are estimated to be of the
order of 10−8 s (see sec. I A 3 of the Supplemental ma-
terial). Therefore, for the X-particles to survive during
3.5× 109 fusion cycles and produce ∼ 7× 104 TeV of en-
ergy, their lifetime τX should exceed ∼ 102 s. For shorter
lifetimes the energy produced by a single X-particle be-
fore it gets stuck to a 6Li nucleus is reduced accordingly.
Acquisition and reactivation of X-particles.— The

amount of energy produced by a single X-particle has to
be compared with energy expenditures related to its pro-
duction. For our estimates we will assume the X-particle
mass mX ' 1 TeV/c2 as a reference value.
X-particles can be produced in pairs in accelerator ex-

periments, either in l+l− annihilation at lepton colliders
or through the Drell-Yan processes at hadronic machines.
Although the energy E ∼ 7 × 104 TeV produced by one
X-particle before it gets knocked out of the catalytic pro-
cess is quite large on microscopic scale, it is only about
10 mJ. This means that >∼ 108 X-particles are needed
to generate 1 MJ of energy. While colliders are better
suited for discovery of new particles, for production of
large numbers of X-particles fixed-target accelerator ex-
periments are more suitable. For such experiments the
beam energy must exceed the mass of the X-particle sig-
nificantly. Currently, plans for building such machines
are being discussed [49].

The problem is, however, that the X-particle produc-
tion cross section is very small. This comes about because
of their large mass and the fact that for their efficient
moderation needed to make the formation of (dX) atoms
possible, X-particles should be produced with relatively
low velocities. The cross section σp of production of X-
particles with β = v/c ' 0.3 is only ∼ 1 fb (note that for
scalar X-particles σp ∝ β3). As a result, the energy spent
on production of an X++X−− pair will be by far larger
than the energy that can be generated by one X−− before
it gets bound to a 6Li nucleus. This means that reacti-
vating and re-using the bound X-particles multiple times
would be mandatory in this case. This, in turn, implies
that only very long lived X-particles with τX >∼ 3×104 yr
will be suitable for energy production.

Reactivation of X-particles bound to 6Li requires dis-
sociation of (6LiX) ions. This could be achieved by irra-
diating them with particle beams, similarly to what was
suggested for reactivation of lower-charge catalyst parti-
cles in ref. [45]. However, it would be much more efficient
to use instead (6LiX) ions as projectiles and irradiate a
target with their beam.2 The binding energy of X to
6Li is about 2 MeV; to strip them off by scattering on
target nuclei with the average atomic number A ' 40
one would have to accelerate (6LiX) ions to velocities

2 We thank M. Pospelov for this suggestion.

β ' 0.01, which corresponds to beam energy ∼ 0.05 GeV.
At these energies the cross section of the stripping reac-
tion is >∼ 0.1 b, and X-particles can be liberated with high
efficiency in relatively small targets. The energy spent on
the reactivation of one X-particle will then only be about
10−9 of the energy it can produce before sticking to a 6Li
nucleus.

If X-particles are stable or practically stable, i.e. their
lifetime τX is comparable to the age of the Universe, there
may exist a terrestrial population of relic X-particles
bound to nuclei or (in the case of X++) to electrons and
thus forming exotic nuclei or atoms. The possibility of
the existence of exotic bound states containing charged
massive particles was suggested in ref. [50] (see also [51])
and has been studied by many authors. A number of
searches for such superheavy exotic isotopes has been car-
ried out using a variety of experimental techniques, and
upper limits on their concentrations were established, see
[52] for a review.

Exotic helium atoms (X++ee) were searched for in
the Earth’s atmosphere using laser spectroscopy tech-
nique, and the limit of their concentration 10−12− 10−17

per atom over the mass range 20 − 104 amu was estab-
lished [53]. In the case of doubly negatively charged X,
their Coulomb binding to nuclei of charge Z would pro-
duce superheavy exotic isotopes with nuclear properties
of the original nuclei but chemical properties of atoms
with nuclear charge Z − 2. Such isotopes could have ac-
cumulated in continental crust and marine sediments. To
our knowledge, no experimental searches of such exotic
isotopes have been carried out so far.

If superheavy X-containing isotopes exist, they can be
extracted from minerals e.g. by making use of mass spec-
trometry techniques, and then their X-particles can be
stripped off. To estimate the required energy, we con-
servatively assume that it is twice the energy needed to
vaporize the matter sample. As an example, it takes
about 10 kJ to vaporize 1 g of granite [54]; denoting the
concentration of X-particles in granite (number of X per
molecule) by cX , we find that the energy necessary to
extract one X-particle is ∼ 2.3 × 10−18 J/cX . Requir-
ing that it does not exceed the energy one X-particle can
produce before getting stuck to a 6Li nucleus leads to the
constraint cX >∼ 2.3× 10−16. If it is satisfied, extracting
X-particles from granite would allow XCF to produce
more energy than it consumes, even without reactivation
and recycling of the X-particles. Another advantage of
the extraction of relic X-particles from minerals com-
pared to their production at accelerators is that it could
work even for X-particles with mass mX � 1 TeV/c2.

In discussing the viability of XCF as a mechanism of
energy generation, in addition to pure energy consider-
ations one should obviously address many technical is-
sues related to its practical implementation, such as col-
lection and moderation of the produced X-particles and
prevention of their binding to the surrounding nuclei (or
their liberation if such binding occurs), etc. However, the
corresponding technical difficulties seem to be surmount-
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able [55].
Discussion.— There are several obvious ways in which

our analysis of XCF can be generalized. Although we
only considered nuclear fusion catalyzed by scalar X-
particles, doubly charged particles of non-zero spin can
do the job as well. While we studied XCF in deuterium,
fusion processes with participation of other hydrogen iso-
topes can also be catalyzed by X-particles.

We considered XCF taking place in X-atomic states.
The catalyzed fusion can also proceed through in-flight
reactions occurring e.g. in d+ (dX) collisions. However,
because even at very high densities the average distance
r̄ between deuterons is much larger than it is in (ddX)
atoms, the rates of in-flight reactions are suppressed by
a factor of the order of (r̄/ad)

3 >∼ 109 compared to those
of reactions occurring in X-atoms.

Our results depend sensitively on the properties of pos-
itive ions (3HedX) and (4HedX), for which we obtained
only crude estimates. More accurate calculations of these
properties and of the formation times of these positive
ions would be highly desirable.

The existence of long-lived doubly charged particles
may have important cosmological consequences. In par-
ticular, they may form exotic atoms, which have been dis-
cussed in connection with the dark matter problem [56–

58]. They may also affect primordial nucleosynthesis in
an important way. In ref. [59] it was suggested that singly
negatively charged heavy metastable particles may cat-
alyze nuclear fusion reactions at the nucleosynthesis era,
possibly solving the cosmological lithium problem. The
issue has been subsequently studied by many authors,
see refs. [60, 61] for reviews. Doubly charged scalars X
may also catalyze nuclear fusion reactions in the early
Universe and thus may have significant impact on pri-
mordial nucleosynthesis. On the other hand, cosmology
may provide important constraints on the XCF mecha-
nism discussed here. Therefore, a comprehensive study
of cosmological implications of the existence of X±± par-
ticles would be of great interest.

To conclude, we have demonstrated that long-lived or
stable doubly negatively charged scalar particles X, if
exist, can catalyze nuclear fusion and provide a viable
source of energy. Our study gives a strong additional
motivation for continuing and extending the experimen-
tal searches for such particles.
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and mixings in gauge models with spontaneous parity
violation, Phys. Rev. D 23, 165 (1981).

[6] M. Lindner, M. Platscher and F. S. Queiroz, A call for
new physics: The muon anomalous magnetic moment
and lepton flavor violation, Phys. Rept. 731, 1 (2018)
[arXiv:1610.06587 [hep-ph]].

[7] A. Zee, A theory of lepton number violation, neutrino
Majorana mass, and oscillation, Phys. Lett. 93B, 389
(1980) Erratum: [Phys. Lett. 95B, 461 (1980)].

[8] K. S. Babu, Model of ’calculable’ majorana neutrino
masses, Phys. Lett. B 203, 132 (1988).

[9] J. C. Pati and A. Salam, Lepton number as the fourth
color, Phys. Rev. D 10, 275 (1974) Erratum: [Phys. Rev.
D 11, 703 (1975)].

[10] R. N. Mohapatra and J. C. Pati, Left-right gauge sym-
metry and an isoconjugate model of CP violation, Phys.
Rev. D 11, 566 (1975).

[11] G. Senjanović and R. N. Mohapatra, Exact left-right sym-
metry and spontaneous violation of parity, Phys. Rev. D
12, 1502 (1975).

[12] H. Georgi and M. Machacek, Doubly charged Higgs

bosons, Nucl. Phys. B 262, 463 (1985).
[13] M. S. Chanowitz and M. Golden, Higgs boson triplets

with MW = MZ cos θW , Phys. Lett. 165B, 105 (1985).
[14] J. F. Gunion, R. Vega and J. Wudka, Higgs triplets in

the standard model, Phys. Rev. D 42, 1673 (1990).
[15] J. F. Gunion, R. Vega and J. Wudka, Naturalness prob-

lems for ρ = 1 and other large one-loop effects for a stan-
dard model Higgs sector containing triplet fields, Phys.
Rev. D 43, 2322 (1991).

[16] A. Ismail, H. E. Logan and Y. Wu, Updated con-
straints on the Georgi-Machacek model from LHC Run
2, arXiv:2003.02272 [hep-ph].

[17] J. E. Cieza Montalvo, N. V. Cortez, J. Sa Borges and
M. D. Tonasse, Searching for doubly charged Higgs
bosons at the LHC in a 3-3-1 model, Nucl. Phys. B 756,
1 (2006) Erratum: [Nucl. Phys. B 796, 422 (2008)] [hep-
ph/0606243].

[18] A. Alves, E. Ramirez Barreto, A. G. Dias, C. A. de
S.Pires, F. S. Queiroz and P. S. Rodrigues da Silva, Prob-
ing 3-3-1 models in diphoton Higgs boson decay, Phys.
Rev. D 84, 115004 (2011) [arXiv:1109.0238 [hep-ph]].

[19] N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson,
T. Gregoire and J. G. Wacker, The minimal moose for a
little Higgs, JHEP 0208, 021 (2002) [hep-ph/0206020].

[20] A. Delgado, C. Garcia Cely, T. Han and Z. Wang, Phe-
nomenology of a lepton triplet, Phys. Rev. D 84, 073007
(2011) [arXiv:1105.5417 [hep-ph]].

[21] A. Alloul, M. Frank, B. Fuks and M. Rausch de Trauben-
berg, Doubly-charged particles at the Large Hadron Col-
lider, Phys. Rev. D 88, 075004 (2013) [arXiv:1307.1711
[hep-ph]].

[22] J. Alimena et al., Searching for long-lived particles be-

http://arxiv.org/abs/1610.06587
http://arxiv.org/abs/2003.02272
http://arxiv.org/abs/hep-ph/0606243
http://arxiv.org/abs/hep-ph/0606243
http://arxiv.org/abs/1109.0238
http://arxiv.org/abs/hep-ph/0206020
http://arxiv.org/abs/1105.5417
http://arxiv.org/abs/1307.1711


6

yond the Standard Model at the Large Hadron Collider,
J. Phys. G 47, 090501 (2020) [arXiv:1903.04497 [hep-ex]].

[23] B. S. Acharya et al., Prospects of searches for long-lived
charged particles with MoEDAL, Eur. Phys. J. C 80, 572
(2020) [arXiv:2004.11305 [hep-ph]].

[24] M. Hirsch, R. Mase lek and K. Sakurai, Detecting long-
lived multi-charged particles in neutrino mass models
with MoEDAL, arXiv:2103.05644 [hep-ph].
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I. ATOMIC PROCESSES AND X-ATOM FORMATION TIMES

A. Formation times of X-atomic systems

1. Formation of (dX) ions and of (ddX) and (3HdX) atoms

Moderation of muons in medium and formation of µ-atoms were considered in the classic papers [62, 63] which stood
the test of time (see e.g. [64]). The moderation time is practically independent of the mass of the ionizing particle
and is inversely proportional to square of its charge; this allows one to deduce the moderation times for X-particles
by a simple scaling of the muonic case. From the results of ref. [63] we find that the moderation time of X-particles
from β ≡ v/c ' 0.1 to atomic velocities v ' 2e2/h̄ ' 1.5× 10−2c is

τ ' 6× 10−11 s (S1)

at liquid hydrogen density N0 = 4.25 × 1022 nuclei/cm3 and T ' 20K. It is about 4.8 × 10−8 s in deuterium gas at
0◦C and pressure of one bar.

Once an X-particle has slowed down to atomic velocities, it gets captured on a highly excited state of the (dX)-ion,
which then de-excites through a combination of γ-ray cascade emission (mostly E1 transitions) and inelastic scattering
on the neighboring deuterium atoms with their Auger ionization. This is similar to de-excitation of highly excited
(µd) atoms in the case of µCF. In the latter case, the two de-excitations processes are generically of comparable rates;
at liquid hydrogen density the Auger process slightly dominates. The de-excitation to the (µd) ground state occurs
within t ∼ 10−12 s [65].

In the case of (dX) de-excitation, the radiative processes get enhanced. Indeed, the rates of E1 emission are
proportional to cube of the energy ω of the emitted γ and square of the transition matrix element of the electric
dipole operator dfi. It is easy to see that ω scales linearly with the mass of the atomic orbiting particle m, whereas
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dfi scales linearly with the Bohr radius of the system, i.e. is inversely proportional to m. Therefore, the rates of E1
transitions scale linearly with m. As a result, we find that the rate of radiative de-excitation of the (Xd) system is
larger than that of (dµ) atom by a factor md/mµ ∼ 20. One can therefore expect the de-excitation of (dX) ions to
be at least as fast as that for the muonic deuterium, i.e. to occur within ∼ 10−12 s.

The produced negative ion (dX) can pick up another deuteron from the medium to form a highly excited state
of the (ddX) atom, which can de-excite through the same processes as (dX). In addition, being electrically neutral,
(ddX) can penetrate deep inside the neigbouring deuterium atoms and experience the electric field of their nuclei.
This leads to Stark mixing effects which further accelerate the de-excitation processes [65, 66].

The situation is quite similar for the formation time of (3HdX) atoms. An (3HX) negative ion produced in reaction
(2b) picks up a deuteron from the medium to form a highly excited state of (3HdX) atom. The latter then de-excites
as described above for the (ddX) atom, within approximately the same time interval.

2. Charge exchange reaction d+ (pX)→ (dX) + p

A simple and accurate estimate of the cross section of the muon exchange reaction d+ (pµ)→ (dµ) + p, based on
dimensional analysis and the fact that low-energy cross sections of inelastic processes are inversely proportional to the
relative velocities of the colliding particles, was given in [35]. The cross section of the reaction d+ (pX)→ (dX) + p
can be estimated similarly, which yields

σc ' 4πa2
pfv∗/v . (S2)

Here ap = h̄/(2αmpc) = 1.44× 10−12 cm is the Bohr radius of (pX) atom, v and v∗ are the relative velocities of the
involved particles in the initial and final states, respectively, and f is a constant of order unity. Taking into account that
the relative velocities of the initial-state particles are very small and the Q-value of the reaction d+ (pX)→ (dX) + p
is ' 90 keV, we find v∗ ' 1.4× 10−2c, which gives

σcv ' 10−14 cm3/s . (S3)

For the rate λc and the characteristic time tc of the this reaction we then find, at liquid hydrogen density N0 =
4.25× 1022 nuclei/cm3,

λc = σcvN0 ' 4× 108 s−1 , tc = λ−1
c ' 2.5× 10−9 s . (S4)

3. Positive ions (3HedX) and (4HedX) and time scales of their formation

The complexes (3HedX) and (4HedX) are positive ions. Such systems can be considered as composed of a tightly
bound “inner core”, represented by a neutral (HeX) atom, and a deuteron, weakly bound to the core by atomic
polarization effects. The choice of the tightly bound inner core is dictated by the facts that the absolute value of
the charge of the X-particle and the charge of helium nuclei are twice that of the deuteron, and in addition helium
nuclei are heavier than deuteron. The neutral atoms in the inner cores are slightly perturbed by the presence of an
external deuteron and are characterized by the binding energies and Bohr radii approximately equal to those of the
corresponding (3HeX) or (4HeX) atoms in the absence of the additional deuteron. The extraneous deuteron is bound
on a 1s′ orbit characterized by a larger radius and much smaller binding energy.

As discussed in the main text, it is not immediately obvious if such exotic atomic systems are actually stable;
in particular, their stability cannot be deduced from the stability of negative ion of hydrogen H− familiar from the
usual atomic physics. Stability of three-body Coulomb systems with arbitrary masses and charges of the particles
was studied in a number of papers, see e.g. [46–48]. From their general results it follows that the states (3HedX) and
(4HedX) should actually be stable. This can be seen from fig. 8 of ref. [46], fig. 3 of [47] or fig. 13 of [48], where the
stability regions are shown in the case of arbitrary fixed masses of the particles and the charge q1 = 1 as a function of
q−1
2 and q−1

3 . Here q1 is the absolute value of the charge of the particle which is opposite to the other two (q1 = ZXe
in the case we consider), whereas q2 and q3 are the charges of the same-sign particles, with the convention q2 ≥ q3.
As the stability depends on the ratios of the charges and not on their absolute values, q1 was set equal to unity for
convenience. With such a normalization, we have q2 = 1, q3 = 1/2. It can be seen from the above mentioned figures
that the point (q−1

2 , q−1
3 ) = (1, 2) is inside the stability region, that is, positive ions (3HedX) and (4HedX) must be

stable. This point is, however, rather close to the border of the stability region, which reflects the relative smallness
of the binding energy of the deuteron (“deuteron affinity”).
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We have attempted a variational calculation of the binding energies of such positive ions using simple two- and
three-parameter Hylleraas-type trial wave functions which were able to predict the stability of H− ion, but found no
binding of deuteron. This is apparently related to the fact that (HedX) ions, which have nuclei of differing mass
and charge on their atomic orbits, are more complex than H− ion, whose two electrons are identical particles. A
qualitative analysis of the properties of such systems would therefore necessitate calculations with more sophisticated
trial wave functions. This would require a dedicated study, which is beyond the scope of the present Letter.

In the absence of an actual calculation, for our estimates we have to resort to some guesses. In doing that, we
will be using the properties of negative ion H− as a starting point, but will also take into account the peculiarities
of (3HedX) and (4HedX) ions. In the case of H−, the radius of the outer electron’s orbit is about a factor 3.7 larger
than that of the inner electron [67], and the binding energy of the outer electron (electron affinity) is about 18 times
smaller than that of the inner one. Taking into account tighter binding of the inner core in the case of the positive
ions we consider, we rather arbitrarily assume the radii a of their external orbits and the deuteron binding energies
Ebd to be, respectively, a factor of ∼ 30 larger and three orders of magnitude smaller than those of the corresponding
(HeX) atoms. We therefore choose

(3HedX) : a ' 7× 10−12 cm , Ebd ' 1.2 keV , (S5)

(4HedX) : a ' 5× 10−12 cm , Ebd ' 1.6 keV . (S6)

The formation of (3HedX) and (4HedX) ions can proceed as follows. A (3HeX) atom produced in reaction (1b)
collides with the neighboring D2 molecules, dissociating them and picking up one of their deuterons through the
exothermic reaction

(3HeX) + D2 → (3HedX) + d+ 2e− . (S7)

This is the dissociative attachment (DA) mechanism, analogous to the one by which H− ions are produced in
e−+H2 →H−+H reactions. An important difference is, however, that what is attached is now a nucleus (deuteron)
rather than an electron. The formation of (4HedX) ions from (4HeX) atoms produced in reaction (4b) and (5b)
proceeds similarly. [Note that a tiny fraction of (4HedX) ions is produced directly in stage I reaction (3b)].

As the Q-values of the formation reactions of (3HedX) and (4HedX) ions are about two orders of magnitude larger
than the dissociation energy of D2 molecules and the ionization potential of D atoms, these processes are actually
similar to the usual charge exchange reactions on free particles, except that most of the released energy is now carried
away by the final-state electrons. The rates and characteristic times of these processes can therefore be estimated
using the expressions similar to those in eqs. (S3) and (S4). This gives, at the liquid hydrogen density,

λDA ∼ 5× 107 s−1 , tDA = λ−1
DA ∼ 2× 10−8 s . (S8)

B. Atomic binding energies of light nuclei in X-atoms and Q-values of fusion reactions

The Q-value of an XCF reaction can be found by subtracting from the Q-value of the corresponding X-less reaction
the atomic binding energy of the nuclei in the initial state and adding to it the binding energy of one of the produced
nuclei to X in the final state, when such bound states are formed. We therefore first find the relevant binding energies.

1. Antihelium-like (ddX) atom

The total binding energy of helium atom is 79.005 eV. From this value, the binding energy of (ddX) atom is obtained
to a very good accuracy by the simple rescaling with the factor md/me, which gives Eb(ddX) = 0.290 MeV.

2. Other X-atoms with Coulomb-bound light nuclei

For atomic (NN ′X) states other than (ddX) we first consider hydrogen-like atoms (NX) and than estimate the
atomic binding energy of the additional nucleus N ′ (m > m′ is assumed). In the limit of pointlike nuclei the ground-
state wave function ψ1s(r), the Bohr radius a and the binding energy E0

b of an (NX) state are

ψ1s(r) =
1√
πa3

e−r/a , a =
h̄2

ZXZe2m
=

1

ZXZα

h̄

mc
, E0

b = |E0
1s| =

1

2
(ZXZα)2mc2 . (S9)
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Bound state Bohr radius a (fm) rNc (fm) [70] RN = 1.2A1/3 (fm) RNc (fm) Eb(RN ) (MeV) Eb(RNc) (MeV) E0
b (MeV)

(pX) 14.4 0.8783 1.20 1.134 0.096 0.096 0.100

(dX) 7.20 2.142 1.51 2.765 0.189 0.183 0.200

(3HX) 4.81 1.759 1.73 2.271 0.276 0.268 0.299

(3HeX) 2.41 1.966 1.73 2.538 1.00 0.905 1.196

(4HeX) 1.81 1.676 1.905 2.163 1.202 1.153 1.588

(6LiX) 0.805 2.589 2.18 3.342 2.680 2.069 5.369

Table S1. Properties of (NX) bound states. Third and fifth columns show experimental values of rms charge radii rNc ≡ 〈r2c〉
1/2
N

from ref. [70] and the corresponding nuclear radii found as RNc = (5/3)1/2rNc. Eb(RN ) and Eb(RNc) are binding energies
calculated for the corresponding values of nuclear radii; E0

b = (ZXZα)2mc2/2 is binding energy in the limit of pointlike nuclei.

Here Ze and m are the charge and the mass of the nucleus N , and −ZXe is the charge of the X-particle (ZX = 2 in
the case under discussion).

For most of the nuclei we consider, Bohr radii of the (NX) atomic states are either comparable to or smaller than
the nuclear radii, and the approximation of pointlike nuclei is rather poor. We therefore allow for finite nuclear sizes
by making use of a variational approach. We consider nuclei as uniformly charged balls of radius R and employ the
simple one-parameter test wave function of Flügge and Zickendrant, which has the correct asymptotics both for large
and small r [68, 69]:

ψ(r) = N(λ)

(
1 +

λr

2R

)
e−

λr
2R , N(λ) =

√
1

7π

(
λ

2R

)3

. (S10)

Here λ is the variational parameter. With this wave function, the expectation value of the energy of the system is

E(λ) =
3

56

h̄2

mR2

{
λ2 +

R

a

[
216

λ2
− 28− e−λ

(
216

λ2
+

216

λ
+ 80 + 14λ+ λ2

)]}
. (S11)

We minimize it numerically, which yields the ground-state energy E1s, the binding energy of the system being Eb(R) =
|E1s|. The corresponding value of λ determines, through eq. (S10), the ground-state wave function of the system. It
will be used in the calculations of the sticking probabilities in sec. I C 1 below.

We calculate the binding energies of (NX) states for two different choices of the values of the nuclear radii R. First,
we employ a frequently used expression R = RN ≡ 1.2A1/3 fm, where A is the atomic number of the nucleus N .

Second, we make use of the experimentally measured rms charge radii rNc ≡ 〈r2
c 〉

1/2
N [70] and set the nuclear radii

equal to RNc ≡ (5/3)1/2rNc, which is the relation between RNc and rNc in the uniformly charged ball model of the
nucleus. The results are presented in Table S1 along with the Bohr radii a and the binding energies for pointlike
nuclei E0

b . Note that for our further calculations we use the results based on the experimentally measured nuclear
charge radii, which are presumably more accurate.

As a test, we also performed similar calculations for atomic systems (NC) with C a singly negatively charged heavy
particle, for which the binding energies were previously found in [59]. Our results are in good agreement with those
of ref. [59], the difference typically being within 1%.

The binding energies of the X-atoms in the initial states of the XCF reactions other than (ddX) are found as
follows. For (3HdX) atoms, we add to the binding energy of negative (3HX) ion the deuteron binding energy found
through the variational procedure described above, assuming deuteron to be a pointlike particle in the Coulomb field
of a nucleus of charge ZX −Z3H = 1 and radius equal to that of 3H nucleus. For positive ions (3HedX) and (4HedX),
we add to the binding energies of (3HeX) and (4HeX) atoms the deuteron binding energy Ebd given in eqs. (S5) and
(S6), respectively. The obtained binding energies are then used for calculating the Q-values of the XCF reactions
under consideration. The results are shown in the third column of Table S3.
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C. Sticking probabilities and related issues

1. Sticking probabilities in the sudden approximation

To evaluate the probability ωs that the X-particle in the final state of a fusion process will stick to one of the
produced nuclear fragments we make use of the fact that nuclear reactions of XCF occur on time scales that are
much shorter than the characteristic X-atomic time. Indeed, the characteristic time of X-atomic processes is tat ∼
ad/vat ∼ h̄3/(4mde

4) ' 1.6×10−21 s, whereas the fusion reactions of XCF occur on the nuclear time scales <∼ 10−23 s.
This disparity between the atomic and nuclear time scales in XCF allows one to use the sudden approximation [71]
for evaluating the X-sticking probabilities ωs.

Consider the reaction (N1N2X) → N3 + N4 + X. Just before the fusion occurs, the nuclei in the (N1N2X) atom
approach each other to a distance of the order of the range of strong nuclear force. The atomic wave function
therefore adiabatically goes over into that of the hydrogen-like atom with a nucleus of mass mi = m1 +m2 and charge
Zi = Z1 + Z2 orbiting the X particle. We denote this wave function ψi. As the fusion occurs suddenly (compared to
the atomic time scale), the state of the atomic system immediately after the fusion will be described by the same wave
function. Transition amplitudes can then be found by projecting it onto the proper final states. Let the velocity of
the produced nucleus N3 of mass m3 be ~v. As the final-state X-particle is practically at rest, this is also the relative
velocity of N3 and X. The probability that N3 will get captured by X and form a bound state with it is then

ωs =
∑
α

∣∣∣ ∫ ψ∗fαψie
−i~q~rdV

∣∣∣2 , (S12)

where ψfα is the wave function of the final (N3X) state and ~q = m∗~v/h̄, m∗ = m3mX/(m3 + mX) ' m3 being the
reduced mass of the N3X system. The sum in (S12) is over all the bound states of hydrogen-like atom (N3X).

The case of radiative fusion reactions (N1N2X) → N3 + γ + X is considered quite similarly. However, due to
different kinematics, the values of q = |~q| are related differently to the Q-values for these reactions. For the non-
radiative reactions we have q =

√
2µQ/h̄ with µ = m3m4/(m3 +m4), whereas for the radiative ones q ' Q/(h̄c).

The main contribution to ωs comes from the transition to the ground state of (N3X) atom, with total contribution
of all the excited states being less than 20% [33]. For our estimates we shall therefore restrict ourselves to transitions
to the ground states. The functions ψi and ψf are then the wave functions of the 1s states of the hydrogen-like atoms
with masses and charges of the atomic particles mi = m1 +m2, Zi = Z1 + Z2 and mf = m3, Zf = Z3, respectively.

To take into account the finite size of the nuclei, we use the wave functions (S10) with the substitutions λ→ λi,f ,
where the variational parameters λi,f are found from the minimization of E(λ) defined in (S11) with the replacements
a → ai,f and R → Ri,f . The Bohr radii ai,f are given by the standard formula (see eq. (S17) below); the nuclear
radii Ri,f can be found from the rms nuclear charge radii as discussed in sec. I B 2. For Rf , we can directly use the
experimentally measured rms charge radius of the nucleus N3. For the initial state, we approximate the rms charge
radius ri of the compound nucleus N1N2 as

ri ' (r3
N1c + r3

N2c)
1/3 , (S13)

where rN1c ≡ 〈r2
c 〉

1/2
N1

and rN2c ≡ 〈r2
c 〉

1/2
N2

are the experimentally measured rms charge radii of the N1 and N2 nuclei,
respectively. Note that eq. (S13) corresponds to the liquid drop model of nucleus. Eq. (S12) then gives for the sticking
probability

ωs =

[
32πNiNf κ

(κ2 + q2)3

(
κ2 +

3κiκf (κ2 − q2)

κ2 + q2

)]2

, (S14)

where

Ni,f = N(λi,f ) , κi,f =
λi,f

2Ri,f
κ = κi + κf . (S15)

For comparison, we also calculate the sticking probabilities ωs0 neglecting the nuclear size, i.e. employing the usual
ground-state wave functions of the hydrogen-like atoms with pointlike nuclei (S9). From eq. (S12) we find

ωs0 =
(2ar)

6

(aiaf )3

1

(1 + q2a2
r)

4
, (S16)

where

ai,f =
h̄

ZXZi,fαmi,fc
, ar =

aiaf
ai + af

. (S17)

The obtained values of the sticking probabilities ωs and ωs0 are shown in the fourth and fifth columns of Table S3.
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2. Lifting the prohibition of radiative E1 transitions for Coulomb-bound nuclei

The radiative nuclear fusion reaction d+d→ 4He+γ has a tiny branching ratio. This is because it proceeds mostly
through E2 electromagnetic transitions, as E1 transitions are strictly forbidden for fusions of identical particles.
Indeed, after the separation of the irrelevant center-of-mass motion, one finds that for particles of charges q1,2 and
masses m1,2 the effective charge of the electric dipole operator is q = (q1m2− q2m1)/(m1 +m2), which vanishes when
the two particles have the same charge-to-mass ratio.

The situation may be different for XCF, when the fusing particles are bound to an orbit of an X-atom. Fusion
may then proceed through the transition to an intermediate excited atomic state, which then de-excites via atomic
electric dipole radiation. In this mechanism the motion of the center of mass of the initial-state nuclei plays a central
role, and the effective charge of the dipole operator does not vanish. Consider the XCF reaction

(ddX) → (4HeX)∗ → (4HeX) + γ , (S18)

where (ddX) is in its ground (1s)2 state and (4HeX)∗ is an excited state of (4HeX) atom which can decay through an
E1 transition. For definiteness, we take (4HeX)∗ to be a state with the principal quantum number n = 3 (contributions
of states with higher n are in general suppressed as 1/n3). Conservation of the total angular momentum and parity
in strong interactions responsible for the fusion process imply that the intermediate n = 3 state can be either 3s or
3d. The excited (4HeX)∗ state can then decay through E1 γ-emission to the 2p state of (4HeX) atom, which will
eventually de-excite to the ground state of (4HeX). Thus, the radiative fusion reaction (3b) might proceed through
an E1 transition to an excited state of (4HeX) rather than through the usual E2 transitions.

It is easy to see, however, that this does not lead to any appreciable increase of the rate of reaction (3b). Indeed, the
amplitude of the process in eq. (S18) contains the product of the amplitude of fusion with the formation of (4HeX)∗

and the amplitude of its subsequent E1 de-excitation. The rate of the process (S18) is therefore proportional to the
probability that 4He produced as a result of the fusion reaction is bound to X in an excited state of the (4HeX) atom
rather than being ejected. The latter can be found in the sudden approximation by making use of the expression on
the right-hand side of eq. (S12) with ψfα being the wave functions of the 3s and 3d states. Using for our estimates
the hydrogen-like wave functions for pointlike nuclei, we find for the corresponding probabilities

P3s =
28

33

(q2a2)2(q2a2 + 16
27 )2

(q2a2 + 16
9 )8

, P3d =
217

39

(q2a2)2

(q2a2 + 16
9 )8

. (S19)

Here q ' Q/(h̄c) is the momentum transfer to the produced 4He nucleus divided by h̄, and a is the Bohr radius of
(4HeX) atom. Note that these probabilities are suppressed for both large and small qa. Large-qa quenching is a result
of fast oscillations of the factor e−i~q~r in the integrand of (S12), whereas the suppression at small qa is a consequence of
the orthogonality of the wave functions ψfα and ψi. For process (S18) we have qa ' 0.22, which yields P3s ' 8×10−3,
P3d ' 1.1× 10−2. In estimating the rate of reaction (S18) we also have to take into account that the photon emission
process is non-resonant. This leads to an additional suppression by the factor ∼ (∆E/Eγ)2 ' 9 × 10−5, where
∆E ' 0.2 MeV is the energy difference between the n = 3 and n = 2 states of (4HeX) atom and Eγ ' Q ' 24 MeV is
the energy of the emitted γ. As a result, the rate of the X-atomic E1 transition gets suppressed by a factor 1.7×10−6

compared to what is expected for a typical E1 transition.
To assess the importance of the X-atomic channel (S18) of reaction (3b) we use the simple estimate of the rates of

electric multipole transitions from ref. [72]:

Γ(El) ' 2(l + 1)

l[(2l + 1)!!]2

(
3

l + 3

)2

α

(
EγR

h̄c

)2l
Eγ
h̄
. (S20)

Here R is the nuclear radius RN for nuclear transitions and the size of the atomic system a for transitions between
atomic states. Note that, in the case of X-atoms with light nuclei, the nuclear and atomic radii are of the same order
of magnitude (see Table S1). For the process under consideration one could expect, neglecting the suppression of E1
transitions, Γ(E1)unsup./Γ(E2) ∼ (625/12)(Eγa/h̄c)

−2 ∼ 800. Taking into account the discussed above suppression
factor, we arrive at Γ(E1)/Γ(E2) ∼ 1.4× 10−3.

Thus, although transitions through excited atomic states of (4HeX) atom lift the forbiddance of electric dipole
radiation in the fusion reaction (3b), the resulting E1 transition is heavily hindered, and its contribution to the rate
of the process can be neglected.

A very similar argument applies to the radiative fusion reaction (6b). Although the fusing nuclei, 4He and d, are not
identical in this case, they have nearly the same charge-to-mass ratio. As a result, in the corresponding X-less reaction
E1 transitions are heavily suppressed, and the reaction proceeds primarily through E2 radiation. The XCF reaction
(6b) could go through an excited atomic states of (6LiX) atom. We find, however, that in this case the suppression
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of the atomic E1 transition is even stronger than it is for reaction (3b). Indeed, the Q-value of the reaction is rather
small (Q ' 2.4 MeV), leading to qa ' 10−2. Assuming again transitions through n = 3 atomic states, we find for the
probabilities of formation of the excited states (6LiX)∗ the values P3s ' 3× 10−10, P3d ' 6× 10−10. The suppression
factor due to the non-resonant nature of the radiative transitions from the 3s and 3d states to the 2p state of (6LiX)
is (∆E/Eγ)2 ' 0.02. Altogether, this gives for the atomic E1 transitions in process (6b) the suppression factor
∼ 2× 10−11, which makes them completely irrelevant.

II. ASTROPHYSICAL S-FACTORS, REACTION FACTORS AND FUSION RATES

In this section we give the details of our calculations of the cross sections, rates and branching ratios of the XCF
reactions under discussion.

A. Cross sections and reaction factors

The cross section of a fusion reaction of nuclei N1 and N2 of masses m1,2 and charges Z1,2 is usually written as [73]

σ(E) =
S(E)

E
e−2πη12 , (S21)

where S(E) is the so-called astrophysical factor, E is the c.m.s. energy and η12 is the Sommerfeld parameter:

η12 =
Z1Z2e

2

h̄v
= Z1Z2α

√
µc2

2E
, µ =

m1m2

m1 +m2
. (S22)

Here v is the relative velocity of the fusing particles. If there are no low-energy resonances in the fusion reaction, the
astrophysical factor S(E) is a slowly varying function of E at small energies. For catalyzed fusion from the relative
s-wave state of N1 and N2 the reaction parameter A(E) is defined as A(E) = σ(E)vC−2

0 [31]. Here C2
0 is the s-wave

Coulomb barrier penetration probability factor:

C2
0 =

2πη12

e2πη12 − 1
. (S23)

This gives

A(E) =
S(E)

πZ1Z2αµc
(1− e−2πη12) . (S24)

The transition from S(E) to A(E) takes into account the fact that the catalyst particle screens the Coulomb fields
of the fusing nuclei and essentially eliminates the Coulomb barrier. The rates λ of XCF reactions are related to the
corresponding A(E)-factors as

λ = A(E)ρ0 , ρ0 ≡ |ψi(0)|2R . (S25)

Here ρ0 is the squared modulus of the atomic wave function of the initial (N1N2X) state taken at zero separation
between the nuclei N1 and N2 (more precisely, at a distance of the order of the range of nuclear forces) and integrated
over their distance R to the X-particle. It plays the same role as the number density n of the target particles in the
usual expression for the reaction rates λ = σnv [31].

In muonic molecules or molecular ions, the energies of relative motion of nuclei are very low, so that η12 � 1; the
term e−2πη12 in eq. (S24) is therefore always omitted in the literature on µCF. In addition, in evaluating the cross
sections of the fusion reactions it is usually sufficient to consider the astrophysical S-factors in the limit E → 0.

In contrast to this, in XCF processes the kinetic energy E of the relative motion of the nuclei N1 and N2 in
(XN1N2) atoms is not negligible. For a system of charges bound by the Coulomb force, the virial theorem relates
the mean kinetic energy T̄ and mean potential energy Ū as 2T̄ = −Ū . Therefore, the mean kinetic energy T̄ in the
ground state coincides with the binding energy of the system: Eb = |T̄ + Ū | = T̄ . On the other hand, T̄ is the sum
of the mean kinetic energies of the relative motion of N1 and N2 and of their center-of-mass motion. In the (ddX)
atom, these two energies are to a good accuracy equal to each other, which gives E ' Eb/2 = 0.145 MeV. For other
(XN1N2) atomic systems of interest, the situation is more complicated; a rough estimate of the kinetic energy of
relative motion of the fusing nuclei yields E ' Ebm2/(m1 +m2), where m2 is the smaller of the two masses.
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This can be explained as follows. Consider for simplicity the wave function of (N1N2X) atom to be a product of
the hydrogen-like wave functions of (N1X) and (N1X) systems, i.e.

Ψi(~r1, ~r2) =
1

π(a1a2)3/2
e−

r1
a1
− r2a2 . (S26)

Such a wave function obtains when one neglects the Coulomb interaction between N1 and N2, but in fact ψi of this
form can partly include correlations between N1 and N2 provided that one replaces the charge of the X-particle ZX by
an effective charge ZXeff in the expressions for the Bohr radii a1 and a2 or, better still, treats a1 and a2 as variational
parameters. The ground-state mean values of the total kinetic energy of the (N1N2X) system, kinetic energy of the
center of mass of N1 and N2 and their relative kinetic energy are then

T̄ =
h̄2

2m1a2
1

+
h̄2

2m2a2
2

, T̄c.m. =
h̄2

2m

(
1

a2
1

+
1

a2
2

)
, T̄rel ≡ E =

h̄2

2m1a2
1

m2

m
+

h̄2

2m2a2
2

m1

m
, (S27)

where m ≡ m1 + m2. Note that T̄c.m. + T̄rel = T̄ . For m1 = m2 we find E = T̄ /2 = Eb/2. Assume now m1 > m2.
Since we expect ai ∝ m−1

i (i = 1, 2), the kinetic energies in eq. (S27) can be estimated as

T̄ ∼ h̄2

2m1a2
1

, T̄c.m. ∼
h̄2

2ma2
1

, E = T̄ − T̄c.m. ∼
h̄2

2m1a2
1

m2

m
∼ T̄

m2

m
, (S28)

which yields E ∼ Ebm2/(m1 +m2).
Wave function (S26) can also be used for evaluating the parameter ρ0 defined in eq. (S25). Direct calculation gives

ρ0 =
1

π(a1 + a2)3
. (S29)

We shall also employ the wave function Ψi(~r1, ~r2) of eq. (S26) in sec. II C for evaluating of the parameter ρ1 that
enters into the expression for the rates of reactions (3c) and (6c).

B. Astrophysical S-factors and XCF reaction rates

Following the approach adopted in µCF, we are assuming that Coulomb binding of the fusing nuclei N1 and N2 to
an X-particle has no effect on the strong interactions responsible for the fusion and only modifies the reaction rates
due to the facts that (i) the Coulomb repulsion barrier is actually eliminated due to the very close distance between N1

and N2 in the X-atom, and (ii) because of the very small size of X-atoms, the number densities of N1 and N2 within
an (N1N2X)-atom are many orders of magnitude larger than their number densities achievable for in-flight fusion.
This means that, for those reactions that can occur in the absence of X-particles, we can use the experimentally
measured values of the corresponding astrophysical S-factors in order to calculate the rates of the XCF reactions.
We take the relevant data from refs. [74–79]. For internal conversion (IC) reactions (3c) and (6c) which do not have
X-less analogues, we calculate the rates directly in the next subsection. The input data necessary for the calculations
of the reaction factors A(E) for all the discussed reactions and the obtained results are shown in Table S2.

C. Rates of internal conversion (IC) processes (3c) and (6c)

IC is de-excitation of an excited nucleus in an atom through the ejection of an atomic electron (or, in the case of
muonic atoms, of a muon) [80]. For IC in a process of nuclear fusion, the initial excited nuclear state is a compound
nucleus formed by the merger of the two fusing nuclei. In the case of µCF, the ejected particle is the muon; for XCF,
it is more appropriate to speak about the ejection of the final-state nucleus itself rather than of the X-particle, as
the latter is expected to be much heavier than light nuclei. However, when considered in terms of the relative motion
between the “nucleus” and the orbiting particle, the treatment of IC in XCF closely parallels that in the case of the
usual atoms or molecules.

At low energies relevant to fusion of light nuclei, IC predominantly proceeds through electric monopole (E0) tran-
sitions whenever this is allowed by angular momentum and parity selection rules. This is the case for reactions (3c)
and (6c) we are interested in. The matrix element of an E0 transition can be written as [81]

Mfi =
2π

3
ZXe

2Q̃0ψ
∗
f (0)ψi(0) . (S30)



9

Reaction Eb (MeV) E (MeV) S(E) (MeV b) A(E) (cm3/s) ρ0,1 (1035 cm−3) λ (s−1)

(ddX)→ 3He + n+X 0.290 0.145 0.102 [74] 1.31 · 10−16 0.64 8.4 · 1018

(ddX)→ 3H + p+X ” ” 8.6 · 10−2 [74] 1.11 · 10−16 ” 7.1 · 1018

(ddX)→ 4He + γ +X ” ” 7 · 10−9 [77] 9.0 · 10−24 ” 5.8 · 1011

(ddX)→ 4He +X ” ” 1.9 · 10−2 2.5 · 10−17 0.73 1.8 · 1018

(3He dX)→ 4He + p+X 0.91 0.36 7.1 [78] 4.0 · 10−15 7.6 · 10−3 3.0 · 1018

(3HdX)→ 4He + n+X 0.32 0.13 5.6 [79] 6.2 · 10−15 0.88 5.5 · 1020

(4He dX)→ 6Li + γ +X 1.16 0.39 1.3 · 10−8 [76] 6.6 · 10−24 1.8× 10−2 1.2 · 1010

(4He dX)→ 6Li +X ” ” 1.55 7.9 · 10−16 0.14 1.1 · 1019

Table S2. Binding energies Eb, relative kinetic energies E of fusing nuclei, astrophysical S-factors S(E), reaction factors A(E),
ρ-parameters and rates λ for the XCF reactions of stages I, II and III. Rates are inclusive of all sub-channels with either free
or bound X-particles in the final state, except for IC processes, where final-state X can only be free. ρ-factors shown in the
sixth column are values of ρ1 for IC reactions (3c) and (6c) and ρ0 for all other reactions. See text for details.

Here ψi(0) is the atomic wave function of the initial-state compound nucleus bound to the X-particle and ψf (0) is the
final-state continuum atomic wave function of the ejected nucleus, both taken at zero separation between the nucleus
and the X particle. The quantity Q̃0 (not to be confused with Q0 of table S3) is the transition matrix element of the
nuclear charge radius operator between the initial and final nuclear states:

Q̃0 =
〈
f
∣∣ Z∑
i=1

r2
pi

∣∣i〉 . (S31)

Here the sum is taken over nuclear protons. The rate of the process is readily found from the matrix element (S30):

λIC = gs
8π

9
Z2
Xα

2
(mc
h̄

)2

c

√
E0

2mc2
∣∣Q̃0

∣∣2F (ZXZ,E0) ρ1 . (S32)

Here gs is the statistical weight factor depending on the angular momenta of the initial and final states, m is the mass
of the nucleus N produced as a result of the fusion reaction and E0 is its kinetic energy, which to a good accuracy
coincides with the Q-value of the reaction. The factor F (ZXZ,E0), defined as

F (ZXZ,E0) =
|ψf (0)|2Z
|ψf (0)|2Z=0

, (S33)

takes into account the deviation of the wave function of the final-state nucleus N of charge Z from the plane wave due
to its interaction with the electric field of the X-particle. It is similar to the Fermi function employed in the theory
of nuclear β-decay. By ρ1 we denoted the quantity |ψi(0)|2; it will be discussed in more detail below.

We estimate the transition matrix elements of the charge radius operator as

Q̃0 ' rirf , (S34)

where rf ≡ 〈r2
c 〉

1/2
f is the rms charge radius of the final-state nucleus, and ri is the rms charge radius of the compound

nucleus in the initial state, which we express through the rms charge radii rN1c
and rN2c

of the fusing nuclei N1 and

N2 according to eq. (S13). Thus, we actually estimate the transition matrix element of the charge radius operator Q̃0

as a geometric mean of the charge radii of the initial and final nuclear states.
The function F (ZXZ,E0) can be written as

F (ZXZ,E0) =
2πη

1− e−2πη
. (S35)

The Sommerfeld parameter η is in this case

η = ZXZα

√
mc2

2E0
. (S36)
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Note the similarity of eq. (S35) with eq. (S23); the difference is that eq. (S23) describes the Coulomb repulsion of the
like-sign charged nuclei N1 and N2, whereas eq. (S35) accounts for the Coulomb attraction of the oppositely charged
X-particle and final-state nucleus N of charge Z. This attraction increases the value of the atomic wave function of
N at r = 0 and leads to the enhancement of the reaction probability (Sommerfeld enhancement [82]).

The quantity ρ1 in eq. (S32) is the squared modulus of the wave function of the compound nucleus in the initial state
of the IC reaction, taken at zero separation between the nucleus and the X-particle. We evaluate it by integrating
the squared wave function of the initial atomic state (N1N2X) over the distance ~r between the fusing nuclei in the
volume |~r| ≤ R1c + R2c (where R1c and R2c are the radii of the fusing nuclei) and set the distance R between their
center of mass and the X-particle to zero:

ρ1 ≡
∫

|~r|≤r0

|ψi(~R = 0, ~r)|2d3r , r0 = R1c +R2c . (S37)

For our estimates we use the wave function Ψi(~r1, ~r2) defined in eq. (S26). Going from the coordinates ~r1 and ~r2 of

N1 and N2 to their relative coordinate ~r and c.m. coordinate ~R and substituting into (S37), we obtain

ρ1 =
a3
∗

π(a1a2)3

[
1− e−

2r0
a∗
(
1 + 2

r0

a∗
+ 2

r2
0

a2
∗

)]
, a∗ ≡

{
m2

m1 +m2
a−1

1 +
m1

m1 +m2
a−1

2

}−1

. (S38)

Reaction (ddX) → 4He + X (3c). For this reaction Z1 = Z2 = 1, Z = 2 and the Q-value is Q = 23.56 MeV. The

transition matrix element of the charge radius operator, estimated according to eqs. (S34) and (S13), is Q̃0 ' 4.52
fm2. For transitions from the (ddX) state one has to take into account that the initial state of two spin-1 deuterons
in the atomic s-state can have total spin S = 2 or 0 (spin 1 is excluded by Bose statistics). This gives 6 possible
initial spin states. As the final-state nucleus 4He has zero spin and the transition operator is spin-independent, the
IC transition (3c) is only possible from the S = 0 state of (ddX). Therefore, gs = 1/6. For evaluating the parameter
ρ1 given in eq. (S38) we use the values of a1 = a2 = 8.53 fm found from the variational treatment of (ddX) atom with
wave function (S26).

Reaction (4HedX) → 6Li + X (6c). In this case Z1 = 2, Z2 = 1, Z = 3, and Q = 0.320 MeV. For transition

matrix element of the charge radius operator we find Q̃0 ' 6.32 fm2. The reaction (4HedX) → 6Li + X is an E0
transition between nuclear states of total spin 1, therefore the weight factor gs = 1. For our evaluation of ρ1 we take
a1 = 1.81 fm, which is the Bohr radius of (4HeX) atom, and a2 ' 30a1, as discussed in sec. I A 3.

The expression for the rates of IC processes can conveniently be written in the form similar to (S25): λIC = Aρ1,
where the reaction factor A is defined as the factor multiplying ρ1 in eq. (S32). The values of the IC reaction factor
A and of the quantity ρ1 for reactions (3c) and (6c) are presented in Table S2, along with the reaction factors and
rates of the other discussed XCF reactions.

To assess the accuracy of our calculations of the IC reaction factors, we compared our result for the (4HedX) →
6Li +X process with the existing calculations, which were carried out in the catalyzed BBN framework for the case
of a singly charged catalyst particle C using a simple scaling law [59] and within a sophisticated coupled-channel
nuclear physics approach [83]. To this end, we re-calculated our result taking ZX = 1, Q = 1.3 MeV and the c.m.
energy E = 10 keV which were used in [59, 83]. For the reaction factor A of the process d + (4HeC) → 6Li + C we
found A ≡ λIC/ρ1 ' 9.9 · 10−17 cm3/s. Eq. (S24) then gives for the corresponding astrophysical S-factor S(E) = 0.19
MeV b. This has to be compared with the results of ref. [59] (0.3 MeV b) and ref. [83] (0.043 MeV b). Our result lies
between these two numbers, being a factor of 1.6 smaller than the former and a factor of 4.4 larger than the latter.

D. Branching ratios

The rates of the sub-channels of the XCF reactions in which the final-state X sticks to one of the produced nuclear
fragments are obtained by multiplying the total rate of the channel, given in Table S2, by the corresponding sticking
probability ωs, shown in Table S3. The rate of the sub-channel with a free X in the final state is then found by
subtracting from the total rate of the channel the rates of all the sub-channels with bound X in the final state. As an
example, the rates of reactions (2b) and (2c) are obtained by multiplying the total rate of the (ddX) fusion process
with production of 3H and p, λ = 7.1× 1018 s−1, by ωs = 0.15 and ωs = 1.2× 10−2, respectively; the rate of reaction
(2a) is then given by λ(1−0.15−1.2×10−2). It is then straightforward to find the branching ratios of all the discussed
reactions; the results are presented in Table S3.
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Reaction Q0 (MeV) Q (MeV) ωs0 ωs Br0 Br

(ddX)→ 3He + n+X 3.27 2.98 − − 54.2% 29.1%

(ddX)→ (3HeX) + n − 3.89 0.61 0.40 − 19.4%

(ddX)→ 3H + p+X 4.03 3.74 − − 45.8% 34.4%

(ddX)→ (3HX) + p − 4.01 0.22 0.15 − 6.2%

(ddX)→ 3H + (pX) − 3.84 1.9 · 10−2 1.2 · 10−2 − 0.5%

(ddX)→ 4He + γ +X 23.85 23.56 − − 3.7 · 10−8 4 · 10−9

(ddX)→ (4HeX) + γ − 24.71 0.95 0.87 − 3 · 10−8

(ddX)→ 4He +X − 23.56 − − − 10.4%

(3He dX)→ 4He + p+X 18.35 17.44 − − 100% 94%

(3He dX)→ (4HeX) + p − 18.60 0.29 0.06 − 6%

(3He dX)→ 4He + (pX) − 17.54 2.3 · 10−3 3.0 · 10−4 − 3.0 · 10−4

(3HdX)→ 4He + n+X 17.59 17.27 − − 100% 96%

(3HdX)→ (4HeX) + n − 18.42 0.23 4.0 · 10−2 − 4.0%

(4He dX)→ 6Li + γ +X 1.475 0.32 − − 100% 10−13

(4He dX)→ (6LiX) + γ − 2.39 1− 1.2 · 10−6 1− 1.2 · 10−3 − 1.9 · 10−8

(4He dX)→ 6Li +X − 0.32 − − − '100%

Table S3. General characteristics of reactions (1a)-(6c). Q and Br are Q-values and branching ratios of XCF reactions, Q0

and Br0 are values of these parameters for the corresponding X-less processes. ωs and ωs0 are X-sticking probabilities found
for nuclei of finite and zero radius, respectively.
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