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We investigate nucleon decays to light invisible fermion mediated by the colored scalar
S; =(3,1,-2/3) and compare them with the results coming from the mediation of S, = (3,1, 1/3).
In the case of §; = (3.1,—2/3) uplike quarks couple to the invisible fermion, while in the case of
S1 = (3,1,1/3) the downlike quarks couple to the invisible fermion. For the mass of invisible fermion
smaller than the mass m,, — m, proton (neutron) can decay to K and invisible fermion and the masses of Sy
and S, are in the region ~10'> GeV. The decays of nucleons to pions and invisible fermion can occur at the
tree level, but in the case of S; they come from a dimension-nine operator and are therefore suppressed by
several orders of magnitude compared to the decays into kaons. For the invisible fermion mass in the range
(937.8, 938.8 MeV), decay of neutron n — yy induced by S, is possible at the loop level, while the proton
remains stable. The branching ratio of such decay is <107, which does not explain neutron decay anomaly,
but is in agreement with the Borexino experiment bound. We comment on low-energy processes with the

nucleonlike mass of y in the final state as A — yy and heavy hadron decays to invisibles.

DOI: 10.1103/PhysRevD.103.055012

I. INTRODUCTION

Many constraints on physics beyond the Standard
Model (SM) at low-energies are already well established.
Although, it seems that possibilities for new physics (NP)
at low energies are known and well studied, there are
some chances that light neutral particles may have evaded
experiments due to their long lifetime. Recently, the author
of Ref. [1] suggested this possibility and investigated a
number of scenarios with light fermions carrying lepton
or baryon number. In this work we focus on the light
fermions carrying baryon number. As already summarized
by many authors [1-12], such interactions between quarks
and right-handed fermions are mediated by colored scalars.
Obviously, colored scalars can couple either to downlike
quarks or to uplike quarks depending on their charge
—1/3 or 2/3. On the experimental side, the KamLAND
Collaboration [13] has already searched for the invisible
decays of neutrons but assumed a zero mass of the
invisible state.

Leptoquarks mediate SM quark and lepton interactions.
In the case where instead of a lepton there is a fermion with
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quantum numbers of a right handed neutrino, we name the
mediator colored scalar. Following the notation of [14], we
present in Table I colored scalars which have interactions
with a such state as well as the diquark interactions. The
scalar S; couples to leptons and therefore plays a role of a
leptoquark. Contrary to S;(3,1,1/3), 5;(3,1,-2/3) is a
colored-scalar (triplet of color group, singlet of weak, with
hypercharge and electric charge equal to 2/3; here the
weak hypercharge Y is defined as Q = I3 + Y). Due to its
quantum numbers, S; might have interactions with SM
doublets, quarks and leptons, while the colored scalar S; =
(3,1,-2/3) [14,15] only has two type of interactions with
right-handed fermions. One with up quarks and with
neutral weak right-handed singlets and the second one is
an interaction between different generations of the down
quarks [14].

In addition to the general study of Ref. [1], an interesting
possibility was discussed in the literature with the main
concern being stability of proton, while neutron or hydro-
gen atom are unstable [2—4,16]. For example, the authors of
[17] pointed out that there is a discrepancy between the
neutron lifetime measured in beam and bottle experiments.
This idea initiated new experimental studies that sup-
ported discrepancy between the two experimental results
[18] on the level of 3.66. The world average of the bottle
experiment according to PDG [19] is 79°¢ = (880.2 &
1.0) s and 759%™ = (888.0 4-2.0) s. In Ref. [17] this dis-
crepancy was addressed by assuming that a neutron can
decay to dark matter (DM) and one photon, or two types of

Published by the American Physical Society
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TABLE 1. The colored scalars S; and S, interactions with
invisible fermions and two quarks. Here we use only right-handed
couplings of S;. Indices i, j refer to quark generations.

Colored scalar Invisible fermion Diquark
S =(3.1,1/3) d§ RS, S id}, St
§, =(3.1.-2/3) eI 4SS

DM. In order to avoid proton destabilization, the authors
of this proposal suggested that the dark fermion should
have mass in the range m, —m,<m, <m,+m, (or
937.8 MeV <m, <938.8 MeV) in the case of neutron
decay to DM fermion and y, while the photon energy is in
the range 0.782 MeV < E, < 1.664 MeV. The branching
ratio for the decay n — yy which explains the neutron
lifetime anomaly should be ~1072. The selection of this
narrow mass window enables the DM to remain stable.
Unfortunately, the direct search for the n — yy decay at the
level required to explain the neutron lifetime anomaly was
unsuccessful [20]. Another possibility for the DM presence
in the nucleon dynamics was offered in [21] in which the
neutron can convert into mirror neutron, its dark partner
from parallel mirror sector.

The approach of [17] assumes that a state with quantum
numbers of S; = (3,1, 1/3) mediates this interaction.

The fermionic dark matter in this approach is a color
weak singlet, neutral state (1, 1, 0), which can couple to
downlike quarks. Recently, the authors of [2] questioned a
possibility that a hydrogen atom is unstable, whereas a
proton remains stable. They considered a case where the
photon is emitted with the energy smaller than the nucleon
binding energy inside nucleus. They noticed that the results
of the Borexino experiment [22] allow the threshold for the
detection of electromagnetic energy depositions to be
reduced down to ~200 keV. Using Borexino data [22]
they found out that nontrivial constraints arise from the
subdominant radiative decay mode. In such a way, we
obtain a direct test of scenarios where the neutron mixes
with an invisible fermion without the nuclear physics
complications. The main message of this study is that
Borexino data restrict the branching ratio of the n — yy to
be smaller than 10~*. The existence of heavy neutron stars
also gives the strong limits, since n — yy would allow
neutron stars to reach masses below the observed ones [23—
26]. The color scalar or vector mediation in the processes of
interactions of the DM with the SM fermions were
considered in varieties of the models (see, e.g., [27-31]).
The new invisible fermion is stable and therefore might be a
candidate for the DM. For the kinematic mass of m, <m,
only DM annihilation channel yy — uju$ is allowed. This
has been widely discussed in literature [27,29,32-34].
However, the calculated value is smaller than the thermal
cross section for DM 3 x 10726 c¢m?/s? [32]. Such a result

means that thermal freeze-out leads to over-produced DM
and possible scenarios of a nonthermal production mecha-
nism are necessary to explain the observed DM abundance
[32]. Since we consider only phenomenological aspects of
the invisible fermion couplings to a colored scalar and one
of the up quarks, we use invisible fermion instead of DM
fermion.

In this paper we first write down Lagrangians for S; and
S; in Sec. II. Then in Sec. III we consider decays of
nucleons p,n — Ky which can occur at tree level, as
well as p,n — my. We compare our results with results
coming from the mediation of S;. In Sec. IV we discuss
decay n — yy due to mediation of S;. Section V contains a
discussion of consequences at low energies. In Sec. VI we
summarize our results.

II. INTERACTIONS OF S; AND S,

The Lagrangian describing S, = (3,1,-2/3) inter-
actions is
Ls, > +8RaG S 7 + ZfRdG Sid) + He. (1)
This color scalar does not couple to charged leptons and
interacts only with two different down quarks. In principle,
in this Lagrangian three species of invisible fermions y/ =
(1,1,0) can exist with the quantum number of the right-
handed neutrino vg. In order to simplify the model, we
assume that there is only one y = y/ for j = 1, 2, 3 which

can couple to the u, ¢ and ¢ quarks. In the matrix y1 we

then set j = 1. Strictly speaking, the Lagrangian refers to
quarks and invisible fermions in the flavor basis. In order to
get these fields in the mass basis, one has to perform
appropriate rotations (see for details [35]). Since we
consider Lagrangians with the right-handed fields only,
we treat our couplings in (1), as they are already in the mass
basis. The color indices are not presented in (1).

Note that z{% is an antisymmetric matrix in any
flavor basis, as well as in color indices (not specified
here, but knowing that d$ 'Sidy — €,5,d id} ;87 and

=RR _ _=RR
2y = —2hi)-

In some proposals y/ is considered to be a Majorana
fermion whose mass can be introduced by the mass term
m,jy‘y. In such scenarios one can simply assign baryon
number B =2/3to §; and B = +1 to y [34]. That means
then that the interacting Lagrangian preserves baryon
number, while only the Majorana mass term will be source
of the baryon number violation.

The full Lagragian for S; is given in Eq. (9) of [14]. Here
we give only two terms of it, which we later use in our
calculations

L, D yFRAGIS\x) + fRaGSidy + He.  (2)
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Note that the last term can come with the opposite chirality
too, which is not the case with S;.

ITII. NUCLEON DECAYS TO PSEUDOSCALAR
MESON AND INVISIBLE FERMION
AT GUT SCALE

In [1] the author considers a number of cases with the
invisible fermion having nonzero lepton or baryon number.
The most general Lagragnian with y having baryon number
B =1 can be written as [1,36]

d d
k)(L+QQ k)(L+H )

Ay A?

£ =alip=mp+ (4

ijk

(3)

Here A and A denote the scales of NP. We use here notation
introduced in [1] and only write the flavor indices, not
indicating Lorentz, color, and isospin indices. Assuming
baryon number conservation, neutron-anti-neutron oscil-
lations do not occur.

Integrating out the leptoquark states S; or S;, one can
straightforwardly write the effective Lagrangian for the
(u/,d*, d', y) interaction (see Figs. 1, 2, 3, and 4)

SRR =
r (S‘) Y1]111k1
eff\P1) — 2 aﬂy
MS1

(2 Prua) (df*Prd)).  (4)

In the case of S; one finds

RR _RR
Y11j%1ki
M5

1

Eeff(Sl) -

a/}y()( PRd )(ﬁ/?kPRdfl) (5)

In Egs. (4) and (5) the dimension-six operators are of the
type u;d;dyy; in Eq. (3). The last term in Eq. (3) can be

d Y11y Y
|
51
Piuy—p——
Z111 d

U——p————— U

FIG. 1. The amplitude for p — yz*, induced by S,.

K+

FIG. 2. The amplitude for p — yK™, induced by ;.

-RR
U Y11y X
| —
S
P d RR S
112 K+

U————————— U

FIG. 3. Proton decay p — Ky, induced by S,.

u u

~RR
>y1 1j
N +
. 3RR W
1

S

d U

FIG. 4. Proton decay p — n"y induced by dimension-nine

operator due to S, interaction.

generated only from the S interactions with the left-handed
quarks.

In order to obtain matrix elements of the operator
between nucleon and pseudoscalar states one can use
notation of Ref. [37]

(P(p)|€ap, (uh CPrdy) Prs,|N(P, s))
= Pr(Wi (¢%) — ig Wi (¢?))un(P.s). (6)

with W;(g?) being form-factors determined by lattice QCD.

One can easily calculate S; mediated decay amplitudes for
p—=K'y

1 Z
CiM = — ﬂiﬁWmW)@@Wﬁ%WJO (7)

S

with the decay width

1 )7 Z
Mp— ko) = < (AT e
32 ms,
m% — + m?
T ) (8

p

0

and the decay width for n - K

~RR =RR
F(n—>K0;() 1 <Y1111112) |W |2

32 mS,
mi —m2, +m
m]} xﬂl/z(memz mf) (9)
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where A(a,b,c)=a*>+b*+c>—2(ab+ac+bc). We use

_ 2 _ _
results Wg}’f_m+ =0.122 GeV?, ngf_),ﬁ =-WER =
—0.085 GeV? [37,38]. For the intermediate S, one

can use above results by making the replacements
¥ = 28, m5, — mg,. Experimental results on nucleon
decays to invisible fermions only exist for invisible fermion
with the negligible mass. The bounds on the lifetimes
are 7(p - 7v) > (390 x 10%°) yr [13], z(n - z%) >
(1100 x 10°%) yr [13], z(p = eTwv) > (170 x 10%) yr
[39]. As pointed out by the author of [1], these limits
push the scale mg above 10" GeV. For the nucleon decays
to pion and invisible fermion induced by S| one can use (9),
replacing myg — m,, z;;0 — z;;;- However, the decay
amplitude N — 7y induced by S, can occur at loop level
or it can appear at tree level, due to the operator of
dimension nine, as explained in detail in [35]. In Fig. 4
the basic decay mechanism caused by the operator of
dimension-nine is presented. The effective Lagrangian
created by such transition is

_ 8GE I ViaVis
V2 m%l m
X €qps(ligPrd,) (g Prd;) (¥ Prus), — (10)

resulting in the amplitude

Lo

~RR=RR
l.4GF V1132112 Via Vs
2
\/i mg] mg

f,ﬁ m721+

Mg, =

Xi(m +md) aLﬁ)(PRup (11)
u
and the decay width
“RR = 2
T(p = 1ty) = <yfﬁ zﬁ’;) Vaal* Vsl Grfamy
4r \ mg my o (my, +mg)?

m% —m2, + m?

x ai L 2 L2 (m2, m3, m2).
mp
(12)
Here the parameter a; is defined as Pru,a; =
eijk<()|b_tiiuLdek|p> (See, c.g., [37]) with ap =

0.0100(12)(214) GeV? obtained by the lattice calcula-
tion [38], f,=0.13 GeV. We do not discuss loop
induced N — zy, due to the additional suppression by
the loop factor 1/(1672) as explained in [35].

It is instructive to determine the suppression factor for
the decay widths of p - zy and p — K"y in the case of
31 with m, = 0.443 GeV (see Figs. 3, 4)

I(p—>ny)

TS S "

and in the case of the same processes induced by S; (see
Figs. 1 and 2)

I(p—nty)
L(p—K"%)ls,

In the case of §; one can derive bound

~107L (14)

RR _RR
YIS <9 83 % 10730 GeV2. (15)
M2
Sy

In the case of Sy, one has the same value for yff z{f /M3
1

both determined for m, = 0.443 GeV. Obviously, with the
improved precision in searches of proton decays, finding
p— Ky and not seeing p — my would be a possible
signature of S; mediation in nucleon decays. The same
processes mediated by S; does not follow that pattern,
differing only by one order of magnitude. One might
wonder if neutron can decay into pseudoscalar meson
and invisible fermion while proton cannot. In the case of
kaons in the final state that is not possible due to mg+ =
0.4937 GeV being smaller than mgo = 0.4976 GeV. In
the pionic case m,+ = 0.13957 GeV larger than m o =
0.13497 GeV. One would think that mass of the invisible
fermion should be larger than m, —m,+, which then
kinematically forbids the decay p — 7ty and allows
n — 7. However, in both S; and S, cases, one can
construct the dimension-nine operator, which will allow
decays p — ye*v forcing S, (S;) to have mass of the order
of a Grand Unified Theory (GUT) scale. The same
mechanism with mass of m, <m, —m, will imply n —
ny can occur only at the GUT scale.

IV. NEUTRON DECAYS WHILE THE
PROTON IS STABLE

In the case where the mass of invisible fermion is in the
range (937.8, 938.8 MeV) proton decay is avoided, but
neutron transition to y is kinematically allowed. The lower
bound on the mass of y comes from the request that none
of the stable nuclei can decay to dark matter, whereas the
upper bound is necessary for the stability of y [2,10,17,23].
In the case of experimental detection, the simplest way
is to register photon of the energy 0.782 MeV < E, <
1.664 MeV. In order to approach the n — yy decay
amplitude according to [17], one can assume the mixing
of y and n. Following [17], the effective Lagrangian can be
written as

Lo = ﬁ(ia— m, + éq”e oaﬂFaﬁ)n

m}’l
+ 110,y —m)y + e(iy +xn),  (16)
where neutron anomalous magnetic moment is g, = 3.826

and e is the mixing parameter with dimension of mass. In
the limit € < m, —m, [17], one easily finds
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reft In€ €

" 8my, m, —m,

70PF yyn. (17)

In the case considered by [17], the decay n — yy occurs at
the tree level with the mediation of the colored scalar
(3,1,1/3). However, the S, colored scalar can mediate
such process only at the loop level. Actually, it has to be a
box diagram with one S; and one W (see Fig. 1) for the
n — y transition. In principle, there is a possibility that in
the case of uy — s¢(b°)d process, the s(b) quark is trans-
formed to d while the uplike quark and W are mediated in
the loop. However, these contributions are suppressed by
the mass of d quark and Glashow-Iliopoulos-Maiani (GIM)
mechanism and can therefore be neglected.

A contribution of the box diagram to the n — y decay
amplitude is presented in Fig. 5. Instead of €, in (16) we use
¢ for the mediator S,

. 8G, o .
€= “LW Z Z Y0;21dp Y vaVup

D=s,b U=u.c.t
x mpmyl(xy,xp, M3, ), (18)
with the integral
I(xhxz’xS‘,)

_ 1 { (4 —x;)x; Inx,
64miy® [(1—x;)(x; = xp)(x; — x5,)
(=4 + x5)x, In x|
(1 =x1)(x1 = x2) (% —XS])
(=4 + x5, )x5, Inx3,
(I=x1)(x —xg])(xz —XSI) '

In this expression x; = m?/m3,.

The dominant contribution from the box diagram comes
from the (c, b) (¢, b) and (c, s) quarks mediated in the box.
In the box diagram in Fig. 5, the up quarks interact with the
colored scalar S;. The downlike couplings to S; can be con-
strained using the oscillations of K — K°, BY  —BY | [14,40].
Note that the couplings in the interacting Lagrangian (1) are
antisymmetric, which prevents tree-level contributions to
these processes. In Appendix A, we present box diagram
contributions to the transitions of K°—K°, B) —BY and

(19)

determine bounds on the interactions of S; with the down

~RR
Y1iu;

_RR
21dD
Y

FIG.5. The box diagram contributing to n — yy. There are also
contributions of the crossed diagram.

mg, = 1TeV
mg, =2TeV ,
mg, =3TeV
=10""4 — 1115, = 4TeV
i — 15, = 5TeV
S
@
1078 4 —_—
—
T T T
0.9379 0.9381 0.9383 0.9386 0.9388
my [GeV]

FIG. 6. Branching ratio for n — yy as a function of m, for the
different masses of §; with ¥ ~v/4x, j =2, 3.

quarks. Here we give bounds on the couplings we use in

our calculation: |Zf8[<9.21(M3 /GeV)'/2107*, |Zf8| <

4.18(Mj5, /GeV)'/2107 and |8 | < 0.028(Mj5, /GeV)'/.
The neutron invisible decay width is given by [17]

AT, — i __miE "' o)
" 1287 (my, — my,)? m:)
According to [17], the branching fraction of neutron decay
to invisible fermion and photon should be 1% to explain
the neutron lifetime anomaly. In their case the parameter

is e = ﬁy’fﬁz’fﬁ/m%l (S corresponds to ¢ in [17]). The
parameter S = 0.0144(3)(21) GeV? [38] requires that
the branching ratio for n — yy is of the order 1%. They

obtained that y{fizffi/m5 ~8x 107 TeV=2. Note that

for mg, ~ 1 TeV the product of yRR zfR <1076

In Fig. 6 we present dependence of the branching ratio
Br(n — yy) on the mass of y for a given S, mass. It is
interesting that for the mass of M5 = 1 TeV the branching

6

1077
b -8
i~ 10
[}
O 4
“8 1079
~ 3
@
S 10710
2
—11
1 10
05 1.0 1.5 2.0 25 3.0 35
~RR
Y115

FIG. 7. Branching ratio for n — yy as a function of M3, with

~RR . oRR
Y12 = V13-
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T
Br(n — xv)
10,9_‘ — 6.4 x 1077
] — 90x10°°
10719 4
= 3
g 1
lg 107" § Bore
§/ ]
w 1 2
—12 =
10§55 =
i1 8 It}
7] (]
1 2 Zz
10713 _§ é}ﬂ
0.9380 0.9382 0.9384 0.9386  0.9388
my [GeV]

FIG. 8. The values &/(m, — m,) that yield the neutron decay
n — yy as a function of m, for different values of the branching
ratio Br(n — yy). The violet regions are excluded by experiment
°Be and H stability [2]. The red contours indicate atomic
hydrogen lifetimes of 10 s, 103° s, and 10*? s obtained in [2].

ratio is 6.4 x 1077, bellow the Borexino limit as discussed
in [2]. The colored scalar S, can have a mass within the
TeV regime and is therefore appropriate for the LHC
searches.

In Fig. 7 we present branching ratio dependence or the
mass m,, GeV and allow the couplings y5f5 ~ 5
perturbative regime.

The authors of Ref. [2] explored the data with expect-
ations of solar neutrinos and backgrounds from radio-
activity to derive bounds on the neutron-mixing parameter
€/(m, —m,). They expressed the upper limits on the
number of events as lower limits on the H lifetime are
102 s, 100 s, and 103 s (see Fig. 8). The green line is the
90% C.L. lower limit from their fit procedure to
Borexino data.

The values of parameter €/ (m, — m,), coming from the
calculation of n — y oscillations, are allowed by the analysis
of [2] and the mass of S; can be reached by LHC. In
particular, the decay of S; to two jets and S, — c(t)y
(monojet) studies were already done by the authors of [29]
for larger masses of y, than the ones we use in this paper.

to be in

V. POSSIBLE LOW-ENERGY SIGNATURES

The processes in which upper quarks couple to an
invisible fermion y might offer possible experimentally
interesting signatures. Here we consider low-energy decays
at the tree level induced by S, with y in the final state.
These decays have invisible fermions in the final state with
mass m, ~0.938 GeV, allowed by the decay of neutron
n — yy, leaving the proton stable. We comment on the
loop-level decay b — syjy. The coupling of top quark with

y and S, can be nonzero, making a search for 7 to two jets
and invisible particle possible. However, it will be very
difficult to distinguish such a signal from the decays of top
to two jets at LHC.

A.A—-yy

Assuming nonzero coupling of y to u quark (y&& #0)
one can generate oscillations of the A baryon to y as
presented in Fig. 9. By a simple replacement of n by A
states and g, by g, in Eq. (20), one can write

(A = Alig— 94 _ap
Eeft(A) A(la m,1+8m10 Fa/j)ﬂ
+ 7 (i0,y" = m)y) + ex(Ar +74),  (21)

leading to the decay width

22 =2 2\ 3

gae MAEN My

ATy, = 1-—) . 22
A= 1085 (mp —m,)? < m%) (22)

where EA:/}A(yf_ﬁZfﬁ)/Mé. We use g, = —1.22 as

given in [41] and assume that the SU(3) flavor symmetry
holds. Then, the matrix element (0€ (@] ,droSric)|A) 18
not very different from the matrix element for the neutron,
B~ =0.0144(3)(21) GeV? [37]. Current experimental
limits on the rates for the baryon number violating
processes A — e, A — "y~ are smaller than 6 x 10~/
[41,42] and for other searched channel the bounds are even
weaker. Using Eq. (22), it is easy to calculate

Br(A = 17)lu; s e = FFRPLTS x 1075, (23)

Obviously that such bound would require 3ff < 1. It
seems that the coupling of the u quark to the invisible
fermion should be very suppressed. From a number of cases
studied in the literature (see, e.g., [14,43]), the couplings
of the first quark generation to leptons and leptoquarks
are very suppressed compared to the other two genera-
tions. Using the constraint from D° — D° oscillations (see

Appendix B) we notice, that the product is yﬁ’ﬂ y§_§*<

1.1 x1073 Mg, /GeV. Requirement that )‘/’f_lRl has to be

small, leaves a possibility that the coupling )')’f_ﬁ* can be

of the order 1. This is exactly what is necessary for our
~RR
y 3
L 115 %
' Sy
%

|
=RR

FIG. 9. A—-yy.

u

A d
s
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analysis of n — yy. Obviously, if the A — yy decay is
forbidden, the coupling of u quark should be set to zero.

B. Heavy hadron decays to invisibles

For the mass m, ~0.938 GeV, decays of charmed
mesons to invisible fermlons are not allowed kinematically.
However, baryons containing one ¢ quark and two light
quark, e.g., A7 or X0 can decay to invisible fermions.
The processes as Af — Kty and X2 — yy are allowed.
Using Eq. (8), assuming that the matrix element of
(K™ |egp, (chCPrdy) Prs,|AL) is not very different from
the one in Eq. (6), using Particle Data Group (PGD) data for
the relevant parameters [41] we estimate that Br(A} —
K*ty) <107 (for yRR* ~ 1 and My, ~2 GeV). The X, can
decay to yy. Taking the anomalous magnetic moment of X2
to be ~—2.7, as calculated in [44], we obtain, by
appropriate replacements in Eq. (20), that the rate for 0 —
v is very suppressed, being in the order of 107!¢, making it
impossible to be seen.

Possible decays of heavy hadrons with baryon number
violations were discussed in [8,45]. The decay BT — Ay
will be allowed within our approach, however very sup-
pressed if the same assumptions as in [45] are used. On the
experimental side, there are more searches. For example in
BESSIII [46] they search for the processes D — A(£0)e ™
and DT — A(X%)e”, for which the upper limits on the
branching fractions are set at the level of O(107).
Kinematics forbid D° — Ay decay for the mass of y being
close to the nucleon mass. Due to the lack of lattice QCD
result on the matrix elements </_\|€aﬁy(cchrd;)Pr/ 57| DY),
one can assume they are close in value to the one in Eq. (6).
Even if we take m, = 0.443 GeV, our rough estimate leads
to the branching ratio Br(D® — Ay) < 107'°, making it too
small to be measured.

LJ/w—xx

The dominant contribution to AT'(n — yy) induced by S,
comes from the coupling of ¢ quark to y. One would
immediately suggest that the c¢ bound state might decay to
two invisible fermions. Only the lower bound BR(J/y —
invisibles) < 7 x 10~ is experimentally known.

The amplitude for decay J/w — yy at the tree level
in Fig. 10 can be obtained using the effective Lagrangian
approach as in [14]

I/ 'S

FIG. 10. J/w decay to invisibles.

Lot = V2Gp—— |)’112| (e7,Pre) (7' Pry).  (24)

2M2

By introducing (0|cy,c|J/w (e, P))
the decay width is given by

= f./l//m.//l[leﬂ [47],

N
Ty =20 =ﬁ<1 421~ 2R (25)
74
with A= \/'GF2 and x, =m,/M;;,. The

experimental bound is very week, allowing huge y112
coupling. For m, =0.938 GeV and M3 given in TeV,
branching ratio is

RN
Br(J/y — yy) < e TeV* x 1077, (26)
S
This is three orders of magnitude smaller than the current
experimental result in [41].

2.b—syxy

The amplitude for b — syj comes from the contributions
presented in Fig. 11. and equals to

F RR RRx* Vi

M(b = syx) YiinYiji

z/ c.t

X mimj<s}/MPLb)()?}/ﬂPR)(>I(xi’xj’xSl)' (27)

If we compare the appropriate Wilson coefficient for
the b — syy and the numerical value for Mg ~ 1 TeV,
we obtain that it is more than two orders of magnitude
suppressed compared to the Wilson coefficient for the
SM transition b — svv calculated in [48]. This makes
the invisible fermion search in the exclusive processes
B — K" y7 very difficult. The decays of B — K*)y7 were
considered in Ref. [49] for the mass of invisible fermions
kinematically allowed.

3. Possible color scalar signatures at LHC

A proposal to search for signals of colored scalars was
made in [50], based on interactions of colored scalars with

FIG. 11.

B, = xx.
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up (down) quarks couplings to invisible. The LHC search
for colored scalar with the couplings we consider in this
paper, would potentially be performed in the final states
containing two light quark jets and monojet and missing
energy. The authors of Ref. [51] followed the proposal of
Ref. [40] and, using the data of [52], derived new bounds
for the couplings of color triplet scalars to two up- (down)
like quarks, which were improved by almost two orders of
magnitude for light quark jets. However, dijet couplings are
still better constrained by meson oscillations. Hopefully,
further LHC searches, such as that of CMS [53], will
improve the limits for the model with such particular
couplings.

VI. SUMMARY

Invisible right-handed fermions can appear in different
theoretical frameworks. Here we consider a model in which
a colored scalar S, = (3,1, —2/3) couples either to uplike
quarks and invisible right-handed fermion or two downlike
quarks of different flavor species. In the case that both
proton and neutron are unstable, decays of N — Ky are
possible with mass of S; at GUT scale. The neutron can
decay to n— 7% for the mass of 0.7987 GeV < m, <
0.8045 GeV, while decay p — n~y is forbidden at tree
level by the dimension-nine operator. However, the dimen-
sion-nine operator might induce p — yI™v, with [ = e, p,
forcing the mass of S; to be at GUT scale.

In the case when the neutron decays and the proton is
stable, the mass of y has a very narrow range. The S; can
mediate n — yy at loop level with mass of colored scalar
S, of the order TeV scale, appropriate for the LHC
searches. The contributions of ¢ and ¢ coupling to y are
largest in this case. The decay rate of n — yy can reach
~107%, which is in agreement with the Borexino experi-
ment bound. Further searches of such decays by
KamLand and other experiments would help to distin-
guish between the models of invisible fermions. An
interesting proposal to search for invisible fermions by
their capture by atomic nuclei was done in Ref. [23]
suggesting that the large volume neutrino experiments can
be used for such searches. This opens up new possibility
for searches at DUNE, and at various xenon experiment
as explained by the authors [23].

Further, we searched for possible signatures of the
fermionic invisible particles, coupling to up quarks via S,
and found that at tree level one can produce A — yy
decay. Obtaining the experimental bound on such decay
rate would be very important for the model presented in
this paper as well as for obtaining the constraint on the u
quark coupling to y. Search for J/yw — yy would shed
more light on the possible charm quark coupling to
invisible fermions. There are ongoing searches at LHC
which will shed more light on the eventual existence of
colored scalars.
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APPENDIX A: DIQUARK COUPLINGS

The contributions from the diquark couplings in
Lagrangian (1) appear in the oscillations of B, — B,
B, — B, and K° — K° mesons (see Fig. 12). In the case
of B, — B,, there are contributions from the two box
diagrams with d quarks within the box. In the case of
B, — B, (K — K©), internal s (b) quarks contribute. The
couplings (Z;),; are antisymmetric ((Z;);; = —(Z;);,). The
contributions of S; box diagrams in the case of the B, — B,
oscillation are

L EFR)ER)”
12872 M%I

LNpy = (57,Pgrb)(Sy"Pgb).

(A1)

This result can be understood in terms of the recent study
of new physics in the B, — B, oscillation in [54]. The
authors of [54] introduced the following notation of the NP
contribution containing the right-handed operators as

NP 4GF *\2RR (< Sh
Lip— D _—\/5 (VaVis) Cis (SY/APRb)(Sy Pgb).
Following their notation, one can write the modification of
the SM contribution by the NP as in Ref. [54]

(A2)

N
AMS RM
dB

dB
dA R G — dC
YdB dBaA
dC JERSE S — L - dA

FIG. 12. The diagrams showing oscillations of mesons con-
sisting of down quark and down antiquark. The @4 forA = 1,2, 3
corresponds d, s, b quarks.
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They found that R} = (1.31+0.010) x 10~ and

n = a(unp)/as(up). Relying on the Lattice QCD results
of the two collaborations FNAL/MILC [55], HPQCD [56],
the FLAG averaging group [57] published following
results, which we use in our calculations

AMEFAGO1Y — (20111 2) ps™! = (1.13X000) AMS™T,

AMFEAG21 = (0.5827004) ps™! = (1.157010)AM™.

(Ad)
From these results, one can easily determine bound
*2
M <117x 107 GeV2,  (AS)
M2

N

while in the case of B, — B,, following the procedure of
[54], by appropriate replacements s <> d, the constraint is

*2
(B () <2Zl32) <2.58x107° GeV™2.  (A6)
M
Following the work of [31,58,59] for the treatment of
K% — K°, we consider
Mfz =

(KO He 2 K?). (A7)

2mg

As discussed in [58,59] the short distance SM value for M {(2
is found to be

KSM _ G2
12 12 2

fKBkmkaFo (-xc’ xt) (AS)

with the function Fy(x.,x,) = 2217..8o(x) + 2217,,S0(y) +
22 AMeSo(x,y). Bg is a bag parameter and f is kaon
decay constant. They are all introduced in [58,59]. The
effective Lagrangian can be straightforwardly derived by
appropriate replacement in Eq. (A2).

Such Lagrangian gives the following contribution to

S
MK,IZ

] “RR 2 (5RR |2

5 _ (@5)7(75) 2

My 1, = 131M2 = 1922 myBgn*.  (A9)
S

The values are By = 0.727, mg = 0.4976 and 7, = 0.58 as
in [27,60]. This leads to

()2 EE)
M?2
N

<3.85x 107 GeV™2.  (Al10)

Using these constraints, one can find |zfR|<9.21 x
1074, /M5 /GeV, |ZRR|<4.18 x 107,/M5 /GeV and

|2fR | < 0.028, /My, /GeV.

APPENDIX B: CONSTRAINTS FROM D’ -D°

The effective Hamiltonian describing the D° — D° oscil-
lation is H = Cg(u1gyCr)(1gyCg). The effective Wilson
coefficient in the case when two y and two S, are
exchanged within the box, one can easily calculate

SRR2=RR+2

Co(Ms,) = — iV~

642 M2 (BI)
S

Usually, the hadronic matrix element (D°|(iigyCg) X
(itgyCg)|D%) = 3m}{FHB with the bag parameter
Bp(3 GeV) = 0.757(27)(4), calculated in the MS scheme,
has been computed on the lattice [61]. Due to large non-
perturbative contributions, the SM contribution is not well
known. Therefore, we can get the robust bound on the
product of the couplings by requiring that the mixing fre-
quency, in the absence of CP violation, should be smaller
than the world average x=2|M,|/T'=(0.4370")% as
reported by HFLAV [62]. The bound can be obtained as
in [63] from

2me%)BD <x

B2
3FD ’ ( )

rCe(Ms, )|

where r = (.76 is a renormalization factor due to running
of Cg from scale Mg ~1.5 TeV down to 3 GeV. One

can easily get |Cgl <22 x 10713 or yRRFRE: <1 1x

1075 Mj, /GeV.
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