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MeV gamma rays from Q-ball decay
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We study the supersymmetric Q balls which decay at present and find that they create a distinctive
spectrum of gamma rays at around O(10) MeV. The charge of the Q ball is lepton numbers in order for the
lifetime to be as long as the present age of the Universe, and the main decay products are light leptons.
However, as the charge of the Q ball decreases, the decay channel into pions becomes kinematically
allowed towards the end of the decay, and the pions are produced at rest. Immediately, z° decays into two
photons with the energy of 67.5 MeV, half the pion mass, which exhibits a unique emission line. In

addition, 7+ decay into y*, which further decay with emitting internal bremsstrahlung, whose spectrum has
a sharp cutoff at ~50 MeV. If the observations find these peculiar features of the gamma-ray spectrum in
the future, it could be a smoking gun of the supersymmetric Q-ball decay at present.

DOI: 10.1103/PhysRevD.109.083039

I. INTRODUCTION

There exist nontopological solitons, Q balls [1], which
consist of scalar fields such as squarks and sleptons in
supersymmetric theories [2]. Q balls with large charge can
form after inflation [3,4] a la Affleck-Dine [5]. Large Q
balls with Q being the baryon number are stable against the
decay into nucleons, and could be dark matter of the
Universe [3]. Such Q ball dark matter may be detected in
the large volume detectors [6-9]. If detected, it is not only
the detection of the dark matter, but also might be the
observational clue of the supersymmetry (SUSY).

On the other hand, large Q balls with lepton charge is not
stable against the decay into light leptons, but they could
long lived. Their decay leaves some observational conse-
quences such that they may result in the source of the
511 keV line gamma rays from the Galactic Center [10],
provide late-time entropy production [11], or enhance the
secondary gravitational waves [12,13].

Here we study yet another way to find the observational
trace of SUSY Q balls with Q being the lepton number. We
look for clues of the Q balls whose lifetime is just as long as
the present age of the Universe. Since the charge of the O
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ball (lepton number in this case) should be very large for
such lifetime, the mass per unit charge is a little bit larger
than the electron (positron) mass. Therefore, Q balls decay
into neutrinos, antineutrinos, electrons, and positrons in the
first place, decreasing the Q-ball charge. As the charge gets
smaller, the mass per unit charge becomes larger, and
finally the decay channels to pions open up towards the end
of the decay, and hence the pions are produced almost at
rest. This is the unique feature of the Q-ball decay.

Produced pions decay immediately. Neutral pions decay
into two photons with the energy of half the pion mass, which
shows a 67.5 MeV emission line, while charged pions decay
into muons, which further decay emitting photons through
internal bremsstrahlung (IB). The resulting spectrum of the
photons has such peculiar features in the 1-100 MeV range.

The structure of the paper is as follows. In the next section,
we provide basic characters of the Q ball considered in this
paper. In Sec. III, we investigate the process of the decreasing
charge Q for the Q-ball decay at present, and consider the
decay products and their fractions in Sec. IV. In Sec. V, we
estimate the gamma-ray spectra produced by the Q-ball decay
for both the Galactic and extragalactic emissions. Finally we
conclude in Sec. VI. We explain the internal bremsstrahlung
in pion and muon decays in Appendix A, and the upper bound
on Q-ball abundance in Appendix B.

II. 0 BALLS IN THE GAUGE MEDIATION

The Q ball is the energy minimum configuration of the
scalar fields for the fixed charge Q [1]. Those scalar fields
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@, called flat directions, are all classified in terms of gauge-
invariant monomials in the minimal supersymmetric stan-
dard model [14,15]. In the gauge-mediated SUSY breaking
scenario, the scalar potential is written as

<log| |2> - 3/2<1+K10g| |2>Iq>l2 (1)

S P

V(®)=

where 3, is the gravitino mass and Mp = 2.4 x 10'® GeV
is the Planck mass. The first term comes from the gauge-
mediation effects above the messenger scale Mg [16]. M is
related to the F component of a gauge-singlet chiral multi-
plet in the messenger sector, and its range is given by [9]

4 x10* GeV < My 5 0.1(m3),Mp)!/2. (2)

The second term is due to the gravity-mediation effects.
Here, K is a coefficient of the one-loop corrections to the
mass, and negative for most of the flat directions with
|K| = 0.01-0.1. Since the gravitino mass is relatively small
in the gauge-mediation models, the second term dominates
over the first one for field values larger than

oy =V 2ME 3)
A my,

where we define ® = \/iigbe"g.

There are two types of the Q ball depending on which
term of the potential is dominant when it forms. If the
first term of Eq. (1) dominates the potential, the gauge-
mediation type Q balls are created, while the so-called
new-type Q balls are produced when the second term
overwhelms the first [17]. The important property which
concerns with following discussion is the mass per unit
charge of the Q ball, g, equivalent to the effective mass of
@ inside the Q ball:

(gauge-med. type),

e { V2riM Q! ()
e (new type),

msz/

where { ~ 2.5 [18].

As shown later, we need very large charge Q so that the
new-type Q balls form for the field amplitude well-above
@eq- The charge of the Q ball is thus estimated as [19]

0=y ( nf’/) | (5)

where fy ~0.01 [20], and ¢ is the amplitude of ® at the
beginning of its oscillations. The mass and size of this type
of the Q ball are given respectively by [17,21]

MQ:'m3/2Q, |K| 1/2m 3/2 (6)

III. 0-BALL DECAY

Q-ball decay occurs if some decay particles carry the
same kind of the charge of the Q ball and the mass of all the
decay particles is less than the mass of the Q ball per unit
charge w,. Since the decay products carrying lepton
numbers are light fermions, once the Fermi sea is filled,
further decay proceeds only when produced fermions
escape from the surface of the Q ball. The upper bound
of the decay rate is thus determined by the maximum
outgoing flow of the fermions [22]. This saturation occurs
when the field value is large inside the Q ball, which is the
case here. Then the decay rate is estimated as [22]

1 o ms
yo~——= _4zR: ~— 1= | 7
0% 0192227 = 4841k |0 (7)

where we use Eq. (6) in the last equality. Since we consider
the Q balls that decay at present, its lifetime is set to be
9 = Fél ~ tq =~ 13.8 Gyr, which leads to the charge of the

QO ball as
K‘ -1 m3/2
~22x10% |— . 8
Q=2.2x (o.oz) (MeV ®)

From Egs. (5) and (8), we obtain the charge of the formed
new-type Q ball and the gravitino mass respectively as

I3 7|KIN23 7 ¢ 2/3
~63 x 103 PN =L 0 .9
O . <0.01 0.02 0.3Mp ©)

B\ (KLY S (o )
~2.9 MeV . (10
32 = 2.9 <001 0.02) \03M; (10)

Notice that the scenario works for broader parameter space,
but here we take ¢y = 0.3Mp and |K| = 0.02 as a typical
example

As the charge of the Q ball decreases, the new-type Q
ball transforms into the gauge-mediation type [23] when
the charge becomes

Mp\* ms, \ 72
~4| ——) ~28x1038 (| —L— , 11
r <m3/2> x <29 MeV ( )

where we use the upper bound of M in Eq. (2) in the
second equality. Thereafter, w, increases as the charge
diminishes as in the upper line in Eq. (4). Since pions
consist of quark and antiquark pairs, the decay channel to
pions opens when @, = m, /2, where the charge of the Q
ball becomes

'For the gravitino mass smaller than 100 keV, the gauge-
mediation type Q balls can form and decay at present to produce
same signatures of MeV gamma rays.
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FIG. 1. Evolution of the Q-ball charge is shown in the purple

arrow. We show the charge at the formation (5), that for the decay
at present (8), that when the transformation from the new-type
into the gauge-mediation type takes place (11), and that when the
decay channel to pions opens (12) as the function of mj,, for
¢o = 0.3Mp and |K| = 0.02, in blue, red, magenta, and green
lines, respectively.

27270\ ms;, 2
~ M3 ~30x10°( —2—| . (12
O ( m > FE X (2.9 Mev) - (12)

4

Here the upper bound of My in Eq. (2) is used in
the last equality. As the decay into pions has just
come to be kinematically allowed at that time, pions are
produced at rest. This is the unique property of the
Q-ball decay.

In Fig. 1, we show the evolution of the charge of the Q
ball by the purple arrow. Here we plot the charge at the
formation (5), that for the decay at present (8), that when
the transformation from the new-type into the gauge-
mediation type takes place (11), and that when the decay
channel to pions opens (12) as the function of ms,, for
¢o = 0.3Mp and |K| = 0.02.

IV. DECAY PRODUCTS

We must identify the particles emitted by the Q-ball
decay. To this end, we choose the ®° = QuQue direction
as a concrete example below.” Q represents SU(2),-
doublet squarks, u and e are SU(2), -singlet squarks and
sleptons, respectively. We further assume that they consist
only of the fields in the first generation, so that it can be
written as ii; ithd, iie%. Since this direction carries lepton
number L = —1, the field ® possesses L = —1/5.

In the process of the Q-ball decay, all the decay particles
must have masses smaller than @, and some should carry
antilepton numbers. In addition, the electric charge neutral-
ity holds through the decay process, since the Q ball

“Similar argument holds in other leptonic directions.

consists of the flat direction which is gauge invariant.
Thus, the composition changes before and after the decay
channel into pions opens. Before that time, it is kinemat-
ically allowed to decay only into electrons, positrons,
neutrinos, and anti neutrinos.” Selectrons ér carrying
antilepton number decay into antielectron neutrinos 7,.
Since the Q-ball decay is saturated, there is no phase space
left for r, to be further produced. Therefore, the other decay
particles are the following six patterns of combinations:
VulyVylys VDl 0y, VDV 0., v,b,ete”, vete”, and
ete"ete .

On the other hand, after the decay into pions are
kinematically allowed, antilepton numbers could be con-
veyed by e™, in addition to 7,, since z~ exists in the decay
particles to compensate the electric charge of positrons.
The phase spaces of produced o, and e are filled by the
saturated decay so that they cannot be included in the
remaining decay particles. In the case of 7,, the combina-

tions of other decay particles are v,v,v,0,, v,0U,V0,,

Vb, e, ntyu”, 72'vb,, v, mtxT, or
7°7°, while they are 7~z°, 7~v,0,, or v, for e*.

Now we are ready to estimate the fraction of the
produced particle per unit antilepton number or per unit
charge of the Q ball. After pions are kinematically allowed
to produced from the Q-ball decay, the numbers of particles
per unit Q-ball charge are obtained as f,0 = 1/12 for z°,
fr =1/20for z*, f,- = 1/15for z~, f,- = 1/60 for u~,
while f,~ = 2/15 for e™ when the decay channel to pions
is not open.

V. PHOTON SPECTRUM

A. Galactic gamma-ray emission

Pions are produced at rest just after they are kinemat-
ically allowed, and immediately they emit photons which
has peculiar spectrum as explained in the following. 7°
decays into two photons with the energy of half the 7°
mass, 67.5 MeV. We first consider the Galactic gamma-ray
emission. The spectrum of this line gamma rays can be
obtained as

,dPy, i QoD Q,

£
- Sre o) (13
“de, ~ 4rwyht, 0, (Aey>87 (13)

where Q, is the density parameter of the @ ball
Aty = &ty, where ¢ represents the uncertainty of the
lifetimes of the Q balls due to some variance in their sizes.
Ag, /¢, is the energy resolution of the observation. Q,/Qp
implies the fraction of the charge of the Q ball that can
decay into pions, and f o is the number of z° produced per

The branching ratio to photons can be extremely suppressed
due to the very small left-right mixings for squarks and sleptons
for the first and second generations [24].
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unit Q-ball charge, as described in the previous section. D
is a D-factor, given by

1

D= / d¢db cos b / S"mdspDM(r(f,b,S)), (14)
AQ Jro 0

where ¢ and b are Galactic longitude and Ilatitude,
respectively. AQ denotes the solid angle of the observation.
s is the distance along the line of sight. The distance from
the Galactic Center is expressed as r(Z,b,s) = (R —
25Rgc cosy + s2)1/2, where y is the angle between the
direction to the Galactic Center and the line of sight so
that cosy = cos £ cosb. Spa = (Ripw — sin® wR%q)"/? +
Rgc cosy with Ryw = 30 kpc being assumed as the size
of the dark halo. We adopt the Navaro-Frenk-White profile
[25] for the dark matter halo density, written as

O (15)

Here we take py = 0.53 GeV/cm® and r, = 15 kpc
so that we have the solar local density of ppym(Rge) =
0.4 GeV/cm?, where Rgc = 8.23 kpc is the distance to the
Galactic Center from the sun [26].

On the other hand, z™ and z~ decay into u™ and u~,
respectively. Photons are emitted through the internal
bremsstrahlung with the branching ratio [27-29],

dB;zIB o (04 1 21

de,  21(1—p)imyx
L [B 4= p) (1=} 7+ p— 1)
1—x
1 —x
+{2(1=p)(1 + p—x) +x*}log |- (16)
where a=1/137 is the fine structure constant,

p = (m,/mz)? and x = 2¢,/m,:. See Appendix A for
the details. The spectrum of IB photons is thus given by

24P _ 1 QD 0, dBuy ,

= , 17
" de, AmwyAty Op a de, 7 (17)

where f,+ = f,+ + f,- =7/60 since the spectrum of
internal bremsstrahlung is the same for both zt and z~
decays.

In addition, ™ and u~ decay into e™ and e~, respec-
tively, similarly emitting internal bremsstrahlung with the
branching ratio [30],

1 T
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FIG. 2. Photon spectra from the Q-ball decay. We display the
spectra (13), (17), and (19) in blue, green, and red lines,
respectively. Observations of the Galactic diffuse gamma-ray
emission are also shown in cyan (COMPTEL) and gray
points (EGRET).

dByp _ a 2 2(1-y)

de, _271'11’1” 3y
17 3 16 , 55 \
5 1(1 J’)+§(1 y) E(l y)
1_
+{3-2(1 =y +2(1 - y)*} log qy, (18)

where g = (m,/m,)* and y = 2¢,/m,. See Appendix A
for the details. The spectrum of the IB photons is then
written as

dd 1 Q,D dB
g2 _ - "0 & L HB 2 (19)

" de, :47ra)QA1QQD ode,

where f,« = f,= + f,- =2/15, since the charged pions
decay into muons.

We illustrate the spectra (13), (17), and (19) in Fig. 2.
Here we consider the region with |£]| < 30° and |b| < 5°,
and set Q,/E~1x 1078, well-below the rough upper
bound explained in Appendix B.* Also shown are the
observations of the gamma-ray diffuse emission from
the inner Galactic region measured by COMPTEL in
1-30 MeV [31] and EGRET in 30-100 MeV [32]. We
adopt Ae,/e, =0.15 in Eq. (13) to compare with the
EGRET data [33]. It should be noted that the spectra
obtained by COMPTEL and EGRET include the Galactic

“Since Q-ball abundance would be by far much larger than this
value for usual formation a la Affleck-Dine, it is necessary to
reduce it. One mechanism is considered in Ref. [10] using
resonant decay of the flat direction in most of the regions of
the Universe, and another one may be late-time entropy pro-
duction before nucleosynthesis.
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diffuse emission, and there may be an excess component in
addition to the Galactic diffuse emission to reconcile with
the observed spectra (See, e.g., Refs. [32,34,35]). The
excess could be contributed from the gamma rays origi-
nated from the Q-ball decay, unresolved sources [36], dark
matter [37-39] and/or cosmic neutrinos [40], or may be
explained by the uncertainties of the model of the Galactic
diffuse emission (e.g., Ref. [41]).

We can see that the unique feature of the spectrum is the
line-gamma rays at ¢, = 67.5 MeV. Astrophysical sources
could hardly produce such an emission line. It could be
detected by future observations such as AMEGO-X [42],
CubeSat for MeV observations (MeVCube) [43],
e-ASTROGAM [44], GECCO [45], GRAINE [46],
GRAMS [47], and SMILE-3 [48].> For example, GRAMS
has 67.5 MeV line sensitivity of ~107® MeV/cm?/s [47].
Detection of this line by some future observations would
prove this Q-ball decay scenario. If not, it may result in
lowering the upper bound on Q. In addition, the Q-ball
decay produces almost the same amount of z° and z*, so
that photons from the radiative muon decay through the
internal bremsstrahlung will appear in the energy range
€, <50 MeV with a sharp cutoff at around 50 MeV.
Continuum sensitivity of GRAMS may reach to observe
this internal bremsstrahlung on the top of the diffuse
background for a satellite mission [47]. Measurements of
the 67.5 MeV line and/or this broad spectrum with a cutoff
at around 50 MeV could be the evidence of the Q-ball
decay model.

B. Extragalactic gamma-ray emission

Let us now study the extragalactic gamma-ray emission.
For 7° — 2y, taking into account the cosmic expansion, we
can estimate the present flux as [50,51]

Xt 2
g}% d<I>§y _ g_},/to dr
de,  4n [,

/ QQPCO & o
O)QATQ QD T

x2(1+2)5 {e; - m;’] , (20)

where p.q is the present critical density of the Universe,

z is the redshift, and &, = (1 +z)e, is the photon

energy produced at the decay time for the photon with
energy ¢, at present. The redshift z is related to cosmic time
tas

> Although the gamma-ray data by Fermi-LAT below 100 MeV
is available, there is no dedicated search for 67.5 MeV line
emission because of the technical difficulty at the lower-energy
band.

%COSI-SMEX [49], to be launched in 2027, is not sensitive to
the gamma rays above 5 MeV.

dt Q -1/2
d—ZZ—(l-i-Z)_S/zHal |:QM +UTAZ)3:| s (21)

where H is the Hubble parameter at present, ,, and Q,
are the present density parameters of matter and cosmo-
logical constant, respectively, and the flat universe is
assumed. Therefore, we obtain the flux as

2% 1 Qor0 O ()
d£7 2w COQATQHO QD = m_o
e 31-1/2
. {QM—i—QA( VH . (22)
m_o

Notice that the spectrum has a rather narrow shape where
the upper and lower edges are respectively located at the
energy of 67.5 MeV and 67.5/(1 + z:) MeV, where z;
corresponds to the redshift at the cosmic time (1 — &)t.
For the internal bremsstrahlung from pions, we have

ext 2
,dPhg & [

—_— = dr QQPCO& +
" de, 4r Jo—ey, @oAToOp””

dBﬂIB
(&), (23)
de, 4

x (1+z)

where Eq. (16) is used. Changing the variable of integration
to z, we obtain

249 _ & Qo0 Qrp @ 1
e drwoArogHyOp” " 2m (1 —

Y ’ P)2
K,,((l +2) Z)

2
m

X/) dz\/QM(l—FZ)S‘f'QA(l‘FZ)z’ 24
where
K.(x) = {x* +4(1 —1!7)(11_—;6)}@2 +p-1)

(1= p) (I + p—x)+ P log—*. (25)

On the other hand, the spectrum of the internal brems-
strahlung from muons can be calculated as

€2 dq)fﬁ)’ - 8_3/[0 dr Ropco & "
7 de, 4z Jo—ey, @oATo Op”
x (1+2)—5= (&), (26)
de, 7

where Eq. (18) is exploited. Converting the variable of
integration to z we get,
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FIG. 3. Extragalactic photon spectra from the Q-ball decay. We
display the spectra (22) in blue, (24) in green, and (27) in red
lines. Solid and dashed lines denote the cases with £ = 0.1 and
0.5, respectively. Observations of the extragalactic diffuse
gamma-ray emission are also shown in cyan (COMPTEL) and
gray (EGRET) points, and in orange lines (SMM).

dq)ext Q . ,
G20 WB _ & 0Pc0 &fﬂi /z: dz
0

v dgy _EQ)QATQHO QD

2|9, (1 +2)3) + 7. ((1+2)3)]

"

V(1 +2)° +Qu (1 +2)2

(27)

where Egs. (A5) and (A6) are used.

We plot the spectra of (22), (24), and (27) in Fig. 3. The
integrals in Eqgs. (24) and (27) are estimated numerically.
Cosmological parameters are set to be €, = 0.311,
Q) = 0.689, and Hy, = 67.7 km/s/Mpc [52]. We illustrate
the cases for £ = 0.1 and 0.5, which correspond respectively
to z; ~ 0.1 and 0.8. Also shown are the observations of the
extragalactic diffuse gamma-ray emission by EGRET
(above 30 MeV) [53], COMPTEL (below 30 MeV) [54],
and the Solar Maximum Mission (SMM) gamma-ray
spectrometer in the energy range 0.3-8.0 MeV [55]. The
origin of this extragalactic MeV gamma-ray background
remains unknown, and contributions from Seyfert galaxies
or blazars are suggested (e.g., Refs. [56,57]).

We can see a thick linelike emission at <67.5 MeV, and
broad spectra of internal bremsstrahlung with sharp cutoffs
at 50 MeV and 30 MeV for muon and pion decays,
respectively. They have similar features as in the Galactic
diffuse gamma-ray spectrum. Future MeV gamma-ray
observations could prove or falsify these signals from
the Q-ball decay.

VI. CONCLUSION

We have investigated the observational clues of the
SUSY Q balls which decay at present. Such Q balls are

realized by having very large lepton numbers as the charge
of the Q ball in the gauge-mediated SUSY breaking
models. The new-type Q balls form and transform to the
gauge-mediation type towards the end of the decay. Then
the mass per unit charge wy increases as the charge Q
decreases, and subsequently the decay channels into pions
become kinematically allowed to create pions at rest. This
is the distinctive mechanism of the Q-ball decay to produce
pions at rest.

Neutral pions decay into two photons with the energy of
half the pion mass, making the sharp emission line at
67.5 MeV. If detected, it would be a smoking gun
of the SUSY Q ball since it is the unique feature
of the Q-ball decay and no astrophysical sources would
create such an emission line. In addition, charged pions
decay into muons which further decay radiatively
to emit internal bremsstrahlung whose spectrum has a
sharp edge at around 50 MeV. We may expect that these
photons could be detected by future MeV gamma-ray
observations.
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APPENDIX A: INTERNAL BREMSSTRAHLUNG

When charged pions decay into muons, they partially
emit internal bremsstrahlung. Its differential branching
ratio is written as [27-29]

dB,,IB_a 1 1—W+p
dxdw 2x(1—p)*x*(x+w—1-p)
2xp(1-p)
212(1=x)(1=p)————"2|, (Al
xR 42(1-2)(1-p) - 2P (a)
where a=1/137 is the fine structure constant,

p=(m,/mu)?, x=2¢,/myz, and w=2E,/m, is the
normalized muon energy. w- and x-ranges are

2yp<w<1+p,
4
| _y_vw=ap

<x<1-Z4
2 2 =Yt=1T,

respectively. Integration with respective to w over the
w-range of (A2) leads to
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dBﬂlB - a 1 1
dx  2x(1-p)’x

[ 440 -p) (1 =0} 4 p=1)
1 —x

1—x

+{2(1 = p)(1 + p—x) + x>} log (A3)

On the other hand, polarized muons are produced by the
decay of charged pions at rest. The photon spectrum by
radiative muon decay is given by [30]

dB(u* — eFury) 1
=—[J 1+P 0
dydCOSQJ, y[ Jr(y)( /lCOS }/)

+ J_(y)(1 F P, cosb,)], (A4)
where y = 2¢,/m,, P, is a magnitude of the muon-spin
polarization vector, 6, is the angle between the muon spin
polarization and the photon momentum. J_ (y) and J_(y)
are written respectively as

(A6)

where g = (m,/m,)?. Since the produced muons have
no specific direction, we must integrate Eq. (A4) with
respect to 6, over the whole angles, and hence obtain the
spectrum as

dBy 2
d—y——[f+(Y)+J—<Y)]
a2(l-y)
2 3y
17 3 16 55
—— (1= S (1=y)2=2(1—-y)
x|=3 4( y)+3( y) 12( y)

£ {3-2(1- ) +2(1-y)}og' 2

APPENDIX B: ROUGH CONSTRAINT ON €,

Q-ball decay produces positrons with energy <wg
which may annihilate with electrons at the Galactic
Center to generate 511 keV gamma rays. Since the
morphology of the dark matter halo in our Galaxy is still
not known, we make very rough estimate for the upper
bound of the Q-ball abundance according to Ref. [58].
Assuming the half of the total 511 keV flux is emitted from
an angular region of 9° circle, we have

M (<02
COQATQ

1

fe* |:£ + (1 —f):| = —(D51147TR2GC, (Bl)

2
where f is the fraction of positrons which annihilate via
positronium, ®s;;(~10"> cm=2s7!) is the observed total

flux of 511 keV line, and Az = Er. We assume 7 = 1.
The total mass within the 9° circle is given by

M(<9°) = / pDM(r)47tr2dr. (B2)
(<9)

Therefore, we obtain the constraint on the density param-
eter as

Q )
2 <24x107 | ——
g x 1073 cm™2s~!

2
« (- Rec Yo (%2} (B3)
8.23 kpc) \2.9 MeV ) \ 7,
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