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Abstract It is shown that a decaying neutralino in a super-
gravity unified framework is a viable candidate for dark mat-
ter. Such a situation arises in the presence of a hidden sec-
tor with ultraweak couplings to the visible sector where the
neutralino can decay into the hidden sector’s lightest super-
symmetric particle (LSP) with a lifetime larger than the life-
time of the universe. We present a concrete model where the
MSSM/SUGRA is extended to include a hidden sector com-
prised of U(1)x, x U(1)x, gauge sector and the LSP of the
hidden sector is a neutralino which is lighter than the LSP
neutralino of the visible sector. We compute the loop sup-
pressed radiative decay of the visible sector neutralino into
the neutralino of the hidden sector and show that the decay
can occur with a lifetime larger than the age of the universe.
The decaying neutralino can be probed by indirect detec-
tion experiments, specifically by its signature decay into the
hidden sector neutralino and an energetic gamma ray pho-
ton. Such a gamma ray can be searched for with improved
sensitivity at Fermi-LAT and by future experiments such as
the Square Kilometer Array (SKA) and the Cherenkov Tele-
scope Array (CTA). We present several benchmarks which
have a natural suppression of the hadronic channels from dark
matter annihilation and decays and consistent with measure-
ments of the antiproton background.

1 Introduction

In supergravity (SUGRA) unified models and in string based
models with conserved R-parity, the lightest supersymmetric
particle (LSP) is absolutely stable and if neutral is a candidate
for dark matter (DM). In extended supergravity and string
models with hidden sectors, the LSP may lie in one of the

4 e-mail: aabouibr @uni-muenster.de (corresponding author)

b e-mail: tibrahim @ zewailcity.edu.eg

¢ e-mail: michael klasen @uni-muenster.de

d e-mail: p.nath@northeastern.edu

Published online: 02 August 2021

hidden sectors and if there is a coupling between the visible
and the hidden sectors, then the LSP of the visible sector will
be unstable and decay into the hidden sector LSP. Although
the visible sector LSP is unstable, it could still be the domi-
nant component of dark matter today if its lifetime is much
larger than the age of the universe. Such a situation can come
about if the coupling of the visible sector with the hidden
sector is ultraweak. Such a dark matter would be detectable
by its energetic gamma ray signature following its decay or
annihilation into photons. We are interested in examining
gamma ray emissions due to DM decay into a photon and a
neutral particle which produces a sharp monoenergetic spec-
tral line which could be observed over the isotropic diffuse
background. Further, here one can easily trace the gamma
ray signal back to its source since photons preserve spectral
and spatial information unlike antimatter which suffer from
energy losses and diffusion as they propagate in the universe.
Also, unlike annihilation, DM decay signals do not depend
on the halo substructures and hence are prone to less uncer-
tainties in this regard. In our analysis we use the most recent
astrophysical constraints on the gamma ray flux, the positron
excess and the antiproton flux to isolate a parameter space
of models which still evade those constraints while can be
probed by future experiments looking for excess gamma ray
flux in the sky.

In this work we present a model where the LSP of the vis-
ible sector is a neutralino and has a radiative decay into the
LSP of the hidden sector producing a monochromatic gamma
ray signal. We consider this phenomenon in the framework
of a gauged U(1)x, x U(1)x, extended supergravity uni-
fied model. The U (1), sector has kinetic coupling with the
visible sector (characterized by 6;) while the U (1) x, sector
has no kinetic coupling with the visible sector and has only
kinetic coupling with the U (1) x, sector (characterized by 7).
After a transformation to the canonical kinetic energy frame,
one finds that the visible sector develops a tiny coupling to
the hidden sector U (1) x, whichis proportional to the product
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of the kinetic couplings, i.e., §18>. Furthermore, the U (1),
and U(1)x, gauge multiplets gain masses via the Stueckel-
berg mechanism. We assume that the lightest neutralino (& ? )
resides in the hidden sector X, and has ultraweak interac-
tions with the neutralino of the visible sector. Assuming that
the LSP of the visible sector is the lightest neutralino in the
visible sector (x| 0, and assumlng R- parlty conservation, one
will have a loop induced decay x Xl — .;rl y. We present a set
of benchmarks within this extended SUGRA grand unified
model where the relic density of )Z? is achieved through the
normal thermal freeze-out mechanism. On the other hand,
the neutralino 59 residing in the hidden sector X; has inter-
actions too feeble to be produced in the early universe to any
discernible amount and the only production mechanism for
it is via the decay of )Z?. Since the lifetime of )Z? is much
larger than the lifetime of the universe, the contribution of
5? to the relic density is negligible compared to that of )Z?.
Thus, although unstable, the visible sector neutralino )Z]O is
the dominant component of dark matter in this model.

The outline of the rest of the paper is as follows: In Sect. 2,
we describe the U (1)x, x U(1)x, extended SUGRA model
and exhibit the gauge kinetic mixing between the visible sec-
tor and the hidden sectors and also describe the Stueckelberg
mass growth for the gauge fields and the gauginos in the
hidden sectors. In Sect. 3, we give details of the loop anal-
ysis of the radiative decay of the visible sector neutralino
which involves computation of supersymmetric diagrams
with W-charginos, charged Higgs-charginos, and fermions-
sfermions in the loops. Specifically we compute the elec-
tric and magnetic transition dipole moments that enter in
the decay width arising from the diagrams of Fig. 1. Details
of the numerical analysis are given in Sect. 4 and the con-
clusion in Sect. 5. In Appendix A, we list the interactions
that enter in the analysis of radiative decay of the neutralino.
In Appendix B, we give an analysis of the gamma ray and
antiproton flux calculations.

2 The model

As mentioned in the introduction, we consider a SUGRA
grand unified model extended with extra U(1)x, and U (1) x,
hidden gauge sectors. One of the gauge superfields of this
model X| mixes with the hypercharge gauge superfield
B where their components in the Wess-Zumino gauge are
given by X1 = (X}, ax,, Dx,) and B = (B", Ap, Dp)
while the other gauge superfield X with components X =
(XK 2> AX,, Dx,) mixes directly only with X 1. We assume a
kinetic mixing [1] between U (1)x, and U(1)y and between
U(1)x, and U(1)y, so the kinetic part of the Lagrangian is
given by
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(2.1)

In addition, we assume a Stueckelberg Lagrangian which
induces a mass growth for the hidden sector [2—4] so that

Lsi = [ do?do>

x [(Mle + 814 SD2+ (MaXa + $2 + s'2)2] :

2.2)
where S, S; and S», S, are chiral superfields and their pres-
ence guarantees gauge invariance of Eq. (2.2) under U(1)y,
U(1)x, and U(1)x, gauge transformations, where M (M)
give mass of the hidden sector field X (X»). The components
of the chiral fields S; (i = 1,2) are S; = (p; + ia;, xi, Fi),
where p; + ia; are the chiral scalars in S;, x; are the chiral
fermions and F; the auxiliary fields and a similar compo-

nent form holds for the superfields S;. Further, in component
notation, Lg; is given by

1 1
Ls = —§(M1X1u + ,a1)* — E(MZXZM + 8,a2)*

_l 6 2 9 2

B wP1)” + ( /LIOZ)
— 10" 51 — ix20" 30 + 21 Fi > + | F2|?)
+ Mp1Dx, + M>p>Dx,

+ My (Xihx, + x1hx) + Ma(Xohx, + x2hx,).
2.3)

In the unitary gauge, the axion fields a; and a; are absorbed
to generate mass for the U(1)x, and U(1)x, gauge bosons.
It is convenient from this point on to introduce Majorana
spinors Vs, Ax,, Ax, and Ay so that

Xla X2« )\X1a>
s s Vs, = Ca ) Ax = ,
Vs = <X1> v <X§‘> ' (A"

)\Ba>
Ay:(—- .

2B

In addition, we include soft gaugino mass terms so that

2.4)
1 - 1 -
—Aﬁsoﬂ = mel AX1AX] =+ mezszAx2 . (25)

Further, we make a transformation to put the kinetic energy of
the U (1) fields in a canonical form so that the kinetic energy
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of the fields is diagonal and normalized. The transformation
that accomplishes this is

where sg = sin 8, cg = cos B, sy = sinfy, cw = cosby
with Mz being the Z boson mass and Oy the weak mixing
angle. In Eq. (2.8), MTS4 is the neutralino mass matrix of
the hidden sectors and is given by

2 2
1— 83— 52

0 c1 M, 0 —c152M
Mhid c1 M, c%mxl + slzml 0 —sz(slzml + c%mxl)
xd 0 0 0 M, ’
—c152 M —sz(slzml + c%mxl) coM, C%s%mxl + c%mx2 + slzsgml
(2.10)
B~ L —s1 s152 B'* and C contains off-diagonal elements as a result of gauge
X =10 c —as2||Xx]]. (2.6)  Kinetic mixing between the MSSM and hidden sectors. The
Xy 00 X matrix C is given by
where
| 5, 0  —sym 0 S1820m |
o= ——. 5= —— c=|° 0o 0 0 @.11)
,/1—812 ‘/1—512 0 sycgswMz 0 —s1s2cswMz
ﬁ 0 —sisgswMz 0 sis2sgswMz
= ﬁ, sy = 872 2.7 We label the mass eigenstates of the 8 x 8 matrix as
J1—-87 =685

Note that ¢ — 57 = 1 = ¢3 — 53. For the MSSM/SUGRA
grand unified model [5-7] we will assume the soft sector
to have non-universalities and characterize this sector with
parameters [8—16] mg, Ao, mi, ma, m3, tanf, sgn(u).
Here mg is the universal scalar mass, Ag is the univer-
sal trilinear coupling, m1, my, m3 are the masses of the
Ul)y, SUQ2)r, and SU(3)c gauginos, tan = v,/vg
is the ratio of the Higgs vacuum expectation values and
sgn(u) is the sign of the Higgs mixing parameter which is
chosen to be positive. We display now the mass matrix of
the neutralino sector for SUGRA and for the hidden sec-
tor in the basis (Ay, A3, hi, fzz, Ys, Axy, ¥s,, Ax,). Here
Ay, A3, hy, ho are the gaugino and higgsino fields of the
MSSM sector, and Vs, , Ax, and ¥s,, Ax, are the higgsino-
gaugino fields for the hidden sectors. In this basis, the 8 x 8
MSSM/SUGRA and hidden sectors neutralino mass matrix
is given by
C

MX
Mye = ( Axd Mzid“) )
X

C
where M ffx 4 1s the standard 4 x 4 MSSM neutralino mass
matrix given by

(2.8)

mi 0 —cgswMz sgswMz
M = 0 my cpewMyz —sgew Mz
4x4 —CﬂSWMZ CﬁcwMZ 0 —u ’
sgswMz —sgcwMz — 0

2.9)

)Z? , )Zg , )N(g , )fo (which reside mostly in the visible sec-
tor) and §£ = )Zg, %) = )260 (which reside mostly in the
U(1)x, sector), 53 = f(é) 59 = f(g (which reside mostly in
the U(1)x, sector). Since the mixing parameters 1 and &,
are very small, the four neutralinos é{), ég , ?}g and é,gf reside
mostly in the hidden sectors while the remaining four )Z,-O
(i =1---4)reside mostly in the MSSM sector. We will take
£ = 72 to be the LSP of the entire system (MSSM+hidden
sectors). In the neutral gauge boson sector we will have mix-
ings among the four gauge fields X', Xg, B*, A’; where
A’; is the third component of the SU(2); gauge field A}
(a = 1 —3) of the Standard Model. After mixing and diago-
nalization, one obtains the vector fields Z’, Z”, Z, A,, where
Z, A, are the fields of the Z-boson and the photon and Z "and
Z" are the massive extra gauge bosons which reside mostly
in the hidden sectors.

3 Radiative decay of the neutralino

Gamma ray emissions from DM decay (or annihilation) can
have both galactic and extragalactic origin whose detection
depends on the observation angle of a region in the sky. Since
the DM density is highest near the center of the galaxy, one
expects the strongest signal to originate from the center and so
the galactic contribution would in general dominate the extra-
galactic component. However, the galactic center is plagued
with astrophysical objects contaminating the signal making
it harder to separate from the background. This can in part be
diminished by observations at higher latitudes. There are var-
ious sources of gamma rays. Gamma ray photons can arise as

@ Springer
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5

5

Fig. 1 Loop diagrams contributing to the neutralino radiative decay f(? — §?y

a result of energetic final state radiation off of charged final
state SM particles (internal Bremsstrahlung). Also, hadronic
final states produce photons mainly from the decay of pions.
Those photons are known as prompt and constitute a diffuse
gamma ray spectrum. Another contribution to this spectrum
comes from secondary sources such as inverse Compton scat-
tering (ICS) and Bremsstrahlung. The former occurs when
energetic charged particles such as electrons

up-scatter photons in the interstellar radiation field (ISRF)
while the latter is a result of interactions with the interstellar
medium. The ISRF consists of the cosmic microwave back-
ground (CMB), thermal dust radiation and diffuse starlight.
An ICS signal from DM can be hard to detect near the galactic
center which is why experiments tend to analyze the spec-
trum near the galactic poles which becomes dominated by
electrons and positrons generated by the DM halo outside
the diffusion zone. Point-like sources which are mainly DM
halo satellite galaxies of the Milky Way can contribute to
the diffuse spectrum, but are considered weak in most cases.
Subtracting the galactic diffuse emission and known point-
like sources leaves us with the isotropic gamma ray back-
ground (IGRB) which is mainly made up of emissions of
extragalactic origin due to blazars, quasars and star-forming
galaxies, as well as active galactic nuclei. Possible galactic
sources may be due to high latitude pulsars. This component
of the sky proves to be important in constraining DM decay
channels [17]. Details regarding the calculations of the flux
from prompt photons, ICS, antiprotons and IGRB are given
in Appendix B.

In our model, the dominant decays of )Zf) are three-body
decays to Tz~ and a radiative loop-induced decay, )Z? —

@ Springer

é? y. The loop contributions to the process )Z? — g{)y are
given in Fig. 1 which include the exchange of W+ — 3 ¥ (W
boson and chargino), f — f (fermions and sfermions) and
H?* — %7 (charged Higgs and charginos). The emission of
a photon comes from either of the charged particles in the
loop. The Lagrangians describing the interactions manifest
in the diagrams of Fig. 1 are given in Appendix A. Using
those interaction terms, we calculated the decay of width of
)Z? — 5?)/ which is given by

r(x — &y
3 2

B mi? mg?
- )2 2
SN(mX? +m$?) m

020
|:|F2Xl§1 (O)IZ

H@W@ﬂ, G0

where the magnetic transition dipole moment form factor
=020
sz e (0) and the electric transition dipole moment form fac-

tor F3X i (0) are calculated for the different contributions
from the one-loop diagrams of Fig. 1. We note in passing
that while the moments vanish for Majorana particles and
are in general non-vanishing for Dirac particles, the transi-
tion moments are in general non-vanishing for both Dirac
and Majorana particles. In our case the initial and final par-
ticles are different Majorana particles and we give a compu-
tation of the various contributions to the transition moments
of Eq. (3.1) below. Note that the computations shown below
are exact and do not appear in the literature elsewhere.
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3.1 W boson contributions

Using the interaction of chargino, neutralino and W outlined
in Eq. (A.3), the W contributions to the transition dipole
moments are given by

2 (m o+m 0)
xlél M & L AL
O =3 e (08,-01j +0g;0
j=1 w
ol,0kr — of of ) 5
w

2 - - ~
) gy +mep)

2002
e 327 =My,
m.
—of0f —ofoghnw | — 1. (B2
and
-0z + mzo)
&) My mgy Tmg) e R AL
Fay (0) = Z —G— (05,01 = 0; 01}
w
m.
- 01,08+ ofoghmw | — . (33)
MW

where the functions 71w (x), 2w (x) and 3w (x) are given
by

Tiw (x) = x*—35x3 +39x2 —5x 42

1 J—
6(x — 1)* |:
+ 18x2(1 + x) lnx:|,

Tow (x) = [12x% — 12x — 6x(1 + x) Inx],

1
(x—1)3
3x(l—i—x)1 ] G.4)

2
= —— ——3 —__—
3w (x) G2 |: X 20— ) nx
3.2 Squark contributions

From the interaction of neutralino, quarks and squarks in
Eq. (A.7), the contributions to the transition dipole moments
are given by

7080 2 (m 0 +an0)
Fz‘i 0= Z R Ry — 6471 my

n
* i
MqlquIS K‘iiquiS)tlé 2

my

2 mi?(mi? +mg?)
_ZQ(I (Mqlqutl +Kq18qul
i=1

(Mqlqull + quSMqll

2
19272m3

(0g, 01 + o5 01

m2
* qi
_Mqlqu18 Kq”qu)‘Ezq 721 5 (35)
my
and
S0£0 2 mg(m o +mgo)
X8 _ X1 ég_1 . *
Fag 'O == 0q—— = Myin Kiig = Kqin Mgz
i=1 qi
2
1
ql8Kq,1+Kq18 q,l)f’g’é ? 5 (36)
q

where the form factors 7;5(x) are given by

T15(x) = ﬁ[—@cz +4x +2x(1 4+ x)Inx],
Tog(x) = ﬁ[—ﬁ +x?+x —1-2x(1 —x)Inx],
1
735(x) = G2 [x —1—Inx], 3.7

and Q, is the charge of the quark involved in the loop. All
quark flavors are included in the calculations.

3.3 Slepton contributions

From the interaction of slepton—lepton—neutralinos, Eq. (A.15),
the slepton contributions to the transition dipole moments are
given by

2 (mzo +mgo)
Z 6472m,

i=1
nlz

— Z1iFs 1,5 !
8i 1¢ m2

2 m o (m 50 +m§?)

X 1
+
Z 19272m?

i=1

X&) * * *
Fzé 0) = Fgi 27, + Zgi F|; — FiiZg;

(Fg,' Fl: + Zg; Z3;

m2
i

— FliFg*,' — Zlizgl)tzg W s 3.8)

4

and

2 mg(mﬂ) + mg;))

=050
o=}

<F1iZ§,~ — 74 Fy;

: 3272m?
i=l1 4
— Fg,‘ZTi + ZSiFl*i>r3Z 72’ s 3.9
my

where the form factors 7,;(x) have the same form as 7;5(x)
given in Eq. (3.7). Contributions from electrons, muons and
taus are included.

@ Springer
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3.4 Charged Higgs contributions

Using the interaction of charged Higgs, neutralino and
chargino, Eq. (A.18), the charged Higgs contributions to the
transition dipole moments are given by

-0z 2 (mzo +mzo)
0£0 0 0
i3 _ X §) L Rx R Lx L Rx
Bt =3~ (’781’71/‘ I M
j=1 X
2
m
R L H—
- 771]'7737)le 3 s
m.
Xj

=ty + kol

m2
L Lx R _Rx H—

— N;Ng; _Uljrlgj)TZH B
mo

J

(3.10)

and

0z 2 mo+(mzo 4+ mzo)
0£0
XE Ay RS §°( L Re R Lx
Fiy (0) = Z W(’hﬂ?g;‘ —M1;n8;
j=1 H
m%
my,

The couplings nﬁ ; and nﬁ ; are related to the quantities
defined in Eq. (A.19) as follows

L _ .S _ P
Taj = Sy Ay 3.12)
R _ S + P ’
MAj = %aj T %)

and the functions 7,y (x) are the same as ;5 (x) of Eq. (3.7).

4 Numerical analysis

The visible sector (the MSSM/SUGRA) and the hidden sec-
tors of the model described in Sect. 2 are essentially decou-
pled, so one can use the MSSM/SUGRA implemented in
the spectrum generator SPheno-4.0.4[18,19] whichruns
the two-loop renormalization group equations (RGE) start-
ing from a high scale input and taking into account threshold
effects to produce the loop-corrected sparticle masses and
calculate their decay widths. To determine the dark matter
relic density and the DM thermally averaged annihilation
cross-section we use micrOMEGAs-5. 2.1 [20]. Note that
one can also take the parameters of the extended sector at
the GUT scale and run them down to the low scale using
new model implementations in SPheno and micrOMEGAS.

@ Springer

However, we have shown in previous works (see e.g. [21])
that the running of such parameters is very mild and barely
changes since the beta functions are proportional to the
gauge kinetic mixing coefficients. The input parameters of
the U (1) x-extended MSSM/SUGRA [5-7] are of the usual
non-universal SUGRA model with additional parameters (all
at the GUT scale) as defined in Sect. 2: mq, Ag, m1, my, ms,
My, M, mx,, mx,, 81, 82, tan B, sgn(u).

Before proceeding further we comment on the origin of
non-universal gaugino masses. In string models the gaug-
ino masses are universal at the tree level. However, non-
universalities can arise at the loop level depending on the
matter content of the model (see, e.g., [22]) although these are
typically small as they are loop suppressed. Much larger non-
universalities can arise in supergravity theories from non-
renormalizable dimension five operators with F'-terms which
after VEV formation can produce significant amount of non-
universalities (see, e.g., [14,15]). For instance, one may have
a non-renormalizable term in the Lagrangian of the form
AL = —(F )2 Mprana)A? AP + c.c., where F® transforms
as a symmetric representation of the two adjoint representa-
tions. Thus for SU (5) one has (24 x24), = 1+24+75+200
where each of the representations on the right hand side has a
unique singlet of the Standard Model gauge group and gives
a unique contribution to the gaugino mass ratios and a linear
combination of them allows one to treat the three gaugino
masses as independent. We also note that non-universalities
of gaugino masses is a phenomenological necessity to sat-
isfy the experimental constraints on decaying dark matter.
Thus one of the important constraints to be satisfied is the
dark matter relic density. Since our DM neutralino is mostly
a bino for the benchmarks of Table 1 (see Table 2, where
( is large and m1 > mj), DM annihilation is not efficient
and the relic density overshoots the observed value. For this
reason, coannihilation is required. The coannihilating parti-
cle here is the chargino where as seen in Table 2 one has
(m gE—m )??) L mzo which leads to coannihilation deplet-
ing the excess relic density to observable limits and the non-
universality of the gaugino masses helps achieve coannihla-
tion. We discuss further details of the analysis below.

We run a scan of the parameter space while retaining points
which satisfy the Higgs boson mass constraint at 125 + 2
GeV and the DM relic density as reported by the Planck
experiment [23]

Qh? =0.1198 £ 0.0012. 4.1)
The remaining points are further filtered after imposing
LHC constraints on the electroweakino masses and bounds
on proton—neutralino spin-independent cross-section from
XENONIT [24]. We select points that have relatively light
stau masses, O(1—2) TeV, and the lightest neutralino of the
hidden sector, &) as the LSP and the MSSM/SUGRA neu-
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tralino f(? as the NLSP. The second hidden sector neutralino
is much heavier. Ten benchmarks are selected for this analysis
and their high scale input parameters are shown in Table 1.

The choice of the parameters in Table 1 is such that the hid-
den sector neutralinos ég, %), 52 are very heavy and é ? is the
lightest with a mass smaller than that of )Z? which is the LSP
of the visible sector. The kinetic mixing of the visible and
hidden sector U (1)’s in large volume compactifications can
be O(10~'2). However, under special circumstances where
the mixings arise from non-perturbative contributions sup-
pressed by factor of e~ where T is some modulus, the mix-
ings can be much smaller and lie in the range 10720 — 1026
[25]. In the analysis of Sect. 2, we assume that the kinetic
mixings are of the generic type in large volume compactifi-
cations and one can generate much smaller couplings in the
range 10720 — 10720 by considering products of two U (1)’ as
discussed in Sect. 2. Of course, one can also simply assume
the ultra small coupling directly but the analysis of Sect. 2
gives an alternative way to generate very small mixings. The
smallness of the gauge kinetic mixing parameter § ~ 10~
ensures that the decay )Z? — é?y is long-lived with a life-
time greater than the age of the universe. Because of such
suppressed decays, 5? makes a negligible part of the relic
density and for all practical purposes the dark matter relic
density is entirely due to )Z?. This is so because while a relic
density for feeble particles can be generated by the freeze-in
mechanism [26] (for recent works see [27-29]), their ultra-
weak couplings to the Standard Model particles makes the
production extremely small.

The relevant part of the mass spectrum arising from the
benchmarks of Table 1 is shown in Table 2 along with the
DM relic density. Here we note that a light stau mass can be
achieved by choosing a small mq and a large Ao to split the
stau masses.

It is found that all the neutralinos for the benchmarks of
Table 1 are bino-like. This makes satisfying the relic density
harder which is why a coannihilating partner is needed. The
chargino plays that role and sits just above the NLSP mass.
This so-called compressed spectrum is less constrained by
LHC experiments. However, several searches in this regime
have been carried out in the 2-lepton and 3-lepton final states
[30-32] with the most stringent limits set by Refs. [33,34].
A neutralino with mass less than 260 GeV and an NLSP
chargino of mass less than 300 GeV are excluded. The elec-
troweakino spectrum in our analysis is safely outside the
exclusion limits. The stops and gluinos are very heavy, the
result of choosing a large m3 which is crucial for getting
the correct Higgs mass in light of the small scalar mass mg.
The lightness of the stau and the largeness of © makes the
two-body decay channels )Z? — .f:f{)Z and )Z? — §?h sup-
pressed in comparison with the three-body decay channel
)Z? — ‘L'+‘L'_§P. Furthermore, the DM annihilation will pre-

dominantly proceed via a f-channel stau making the process
%% — v+t~ the dominant one.

We present in Table 3 the DM annihilation cross-section
into Tt~ final state. Fermi-LAT and MAGIC collaborations
[35] have set limits on this cross-section excluding values
above @(1072° — 1072%) cm3/s in the range 100 GeV to 1
TeV. Our cross-sections are far below this limit and thus not
excluded. We also display the three-body decay width and
the radiative decay width of )Z? determined using Eq. (3.1)
as well as the photon energy using Eq. (B.5). The three-body
decay width is larger than the radiative decay width in most
of the benchmarks and are comparable in some. This result
has been observed before [36] where the two neutralinos )Z?
and & ? have opposite CP phases.

We first examine the indirect detection signals from the
three-body decay of )Z?. The three-body decay width is cal-
culated using standard formalism [37] and making the appro-
priate replacements of couplings to account for the hidden
sector neutralino. As noted, the three-body decay of )Z? is
dominated by 7+ 1~ in the final state which eventually decay
into electrons where the electrons radiate photons via FSR.
Hadronic decays of the taus can also produce photons mainly
from the decay of pions. A similar outcome is expected from
the annihilation channel. All of these processes are the ori-
gin of prompt photons whose flux is determined in the region
10 < b < 20 of the sky using Egs. (B.1) and (B.4). Also,
the gamma ray flux of secondary photons due to ICS is cal-
culated using Egs. (B.6) and (B.7) in the same region. We
show in Fig. 2 the resulting flux of prompt and ICS photons
versus the photon energy for the decay (left panel) and the
annihilation (right panel) for three benchmarks of Table 1.

Itis seen in Fig. 2 that ICS dominates over prompt photons
for small energies while prompt photons have higher inten-
sities for higher energies which is consistent with a photon
spectrum obtained from pion decays. Also plotted are the
Fermi-LAT data points in the same region of observation.
For both cases of decay and annihilation, the sum of prompt
and secondary photons’ flux is below the observed gamma
ray flux.

Since taus can decay hadronically, it is important to make
sure that the antiproton flux from decay and annihilation of
DM does not exceed the antiproton background. This back-
ground fits well the estimates from known astrophysical pro-
cesses and allows very little room for additional hadronic
decays or annihilation of DM. Despite the reported excesses
which were discussed in the introduction, uncertainties in
the DM density profiles, the propagation parameters used in
solving the antiproton transport equation and solar modula-
tion can wash away the excess at low energy while the higher
energy excess can be argued away due to astrophysical pro-
cesses. The antiproton flux for three benchmarks of Table 1
is calculated using Eqgs. (B.10) and (B.11) and plotted against
the antiproton energy in the left panel of Fig. 3. The recent
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Table 1 Input parameters for _

the benchmarks used in this Model "o Ao m 2 m3 M, X, tan §=0818

analysis (where all masses are in ) 2497 7916 788 523 6696 750 3500 37 1.80 x 1023

GeV) and where we set

My = 50 TeV and my, = 100 ) 4913 —13,831 1066 650 7743 400 1200 46 1.05 x 1023

GeV © 1616 7988 1302 788 6368 250 950 25 2.73 x 1072
@ 3177 —9436 1415 787 2883 450 1050 40 1.90 x 1024
© 1298  — 11473 1793 997 3502 800 4700 12 5.10 x 10725
® 1475 —8356 2076 1276 5868 700 4900 20 455 x 10724
(© 2078 —9650 2265 1244 4114 650 5000 25 2.00 x 10725
(h) 2195  —14,006 3025 1629 4076 550 5100 18 1.00 x 1024
) 1334 —6155 3547 1927 4836 600 5500 10 6.00 x 1026
o) 1889 —20,595 3977 2180 6428 750 7500 8 1.00 x 10726

Table 2 For the benchmarks of 0 -0 —t ~ 0 - - 5

Table 1, a display of the Higgs Model h ® Xi X1 ’ i ! 8 h

0

boson (7) mass, the 1. (@ 1240 5899 301 325 937 154 9901 13014 0.115

parameter, and the sparticle

spectrum mass consisting of the ~ (b) 1241 9821 451 479 860 121 10,106 15094  0.119

electroweakinos, the stau, the © 1240 5820 538 566 713 62 9336 12,440 0.110

hidden sector neutralino, the @ 1265 5034 627 656 936 166 3437 6019 0.117

stop and gluino, respectively,

computed at the electroweak (@ 1255 6373 789 815 942 132 3135 7073 0.119

scale. Also shown is the DM ® 1264 7324 911 1027 915 08 7648 11,491 0.116

rGeli\C/ density. All masses are in () 1269 6216 1007 1026 1054 83 4927 8252 0.117

¢ (h) 1252 7529 1361 1363 1371 59 3368 8164 0.121

0 1257 6013 1590 1591 1757 65 6429 9565 0.123
) 1248 11340 1804 1816 1975 74 5147 12,469  0.124

Table 3 For the benchmarks of Table 1, a display of the DM anni-
hilation cross-section, the radiative decay width and three-body decay
width of )Z? and the attendant photon energy E,, . The decay width and

the photon energy are in GeV and the thermally averaged cross-section
is in units of cm%/s

Model (6V)er T — Ecte) i) — &)y E,

(a) 5.2 x 10730 8.2 x 1074 2.7 x 10754 111.1
(b) 4.1 x 10730 3.6 x 10752 1.6 x 1074 209.3
(c) 4.0 x 1072 6.9 x 1072 1.8 x 1074 265.4
(d) 32x 10730 4.9 x 1074 1.7 x 1074 291.5
(e) 7.6 x 10739 4.7 x 1073 1.9 x 1074 383.5
() 1.6 x 1072 7.4 x 107! 2.1 x 1074 450.2
() 5.7 x 1073 3.4 x 107! 2.2 %1073 500.1
(h) 4.3 x 10730 2.6 x 10731 1.5 x 1072 679.2
@) 2.0x 10728 5.2 %1073 1.0 x 1074 793.7
G) 3.6 x 10731 9.1 x 1074 4.8 x 107> 900.5

AMS-02 data [38] is shown along the estimated background
fit.

The antiproton fluxes coming from the decay and annihi-
lation of DM for the benchmarks of Table 1 lie well below
the observed background. Another possible antimatter chan-
nel is that of positrons. Since the leptonic decays of taus are
smaller than the hadronic ones, one can safely assume that
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our benchmarks do not contribute to the observed positron
excess and so is not constraining for the model. In the right
panel of Fig. 3 we show contributions from DM decay to
the IGRB for three benchmarks of Table 1. Photon emission
from prompt decay (solid line) and ICS (dashed line) as well
as the extragalactic component (dotted line) lie below the dif-
fuse IGRB measured by Fermi-LAT [39] and shown as red
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Fig. 2 The gamma ray flux from the decay (left panel) and annihilation (right panel) of )"(? for three benchmarks of Table 1 due to prompt emission

and ICS. Also shown are the Fermi-LAT data points
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Fig. 3 Left panel: contributions from the annihilation and decay of the
MSSM neutralino )Z? to the antiproton flux for three of the benchmarks
of Table 1. The antiproton background and AMS data are also shown.
Right panel: the gamma ray flux from the IGRB (for decay only) show-

points with error bars due to systematic and statistical uncer-
tainties. The magenta band corresponds to uncertainties on
IGRB from foreground modeling. The case of annihilation
is not shown since it is much smaller than the decay case and
therefore can be neglected.

There are several experiments planned or are underway on
indirect detection of decaying DM signatures. One of these
is the Square Kilometer Array (SKA) [40] which can reach
high frequencies and would be a suitable probe of the high
DM masses. SKA is expected to have improved efficiency
in separating foregrounds thanks to its intercontinental base-
line length and large effective area. In regards to the DM
decay lifetime, SKA can reach 2 to 3 orders of magnitude
in sensitivity higher than Fermi-LAT [41] for DM masses up
to 100 TeV. Another telescope array known as Cherenkov

Galactic : [b] > 20 region, NFW
1ty Extragalactic : My, = 107°Mg, Maccio, minUV
bty PO

RO -

+ IGRB

q = Prompt emission
-=. 1CS

----- Extragalactic

mmm  Benchmark (a)
mmm Benchmark (e)
mmm Benchmark (j)

10° 10! 10% 10*

Photon energy, E, [GeV]

ing contributions from prompt photons, ICS and extragalatic photons.
Fermi-LAT data points are in red with error bars and the uncertainty
band from foreground modeling

Telescope Array (CTA) [42] is being built with more than
100 telescopes in the Northern and Southern hemispheres.
CTA will scan the skies looking for high energy gamma rays
and will be 10 times more sensitive than H.E.S.S. [43,44],
MAGIC [35,45] and VERITAS [46,47].

Since the benchmarks of Table 1 satisfy all the indirect
detection constraints, we can now use them to investigate
the possibility of observing a sharp monochromatic spec-
tral line in the decay f(? — é?y. In Fig. 4, we exhibit
mso / F()Z? — g?)/) plotted against the photon energy for
the benchmarks of Table 1 (left panel). We also exhibit the
current limits from Fermi-LAT [49,50], HEGRA [51] and
H.E.S.S. [43,44] as well as the projections from the future
CTA and SKA experiments. The limits from SKA are derived
from the yy and y Z channels assuming 500 hours of opera-

@ Springer



680 Page 10 of 17

Eur. Phys. J.C (2021) 81:680

@ Model(a) @ Model(f) ® Model (j) HEGRA M31
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Fig. 4 Left panel: a plot of mi?/ F()?? — é?y), in TeV s, versus the
photon energy in GeV for a set of ten benchmarks consistent with all
collider and astrophysical constraints. The model points are accessible
in future improved experiments. Right panel: a scatter plot in the same
variables shows that the parameter space in which a decaying neutralino
consistent with all the current constraints can reside is quite large and a

tion. One can notice that the limit from y Z is more stringent
since Z fragments into visible SM particles. Here one finds
that none of the model points of Table 1 are yet excluded
by experiment. Thus benchmarks (a)—(f) lie just above the
current Fermi-LAT limit and can be probed with higher sen-
sitivities while the rest of the benchmarks are well within
the range of detectability of CTA and SKA. It should be
noted that there are many limits set on decaying DM in the
literature [52—60]. These analyses give limits on the DM life-
time to be O(10%7728) s with the exception of light DM (in
the MeV-GeV range) where the constraints are less strin-
gent. In Ref. [61], data from HEAO-1 [62], INTEGRAL
[63], COMPTEL [64] and EGRET [65] were used to set
limits on decaying light DM particles. Furthermore, using
a microwave background analysis, one sets a limit on the
lifetime of DM decaying to 30 MeV electrons and positrons
[66] to be greater than 2.6 x 10% s, at 95% CL. Scanning the
parameter space of the model, one finds many more points
that can be probed by future experiments in a wide range of
photon energy. Those points are shown in the right panel of
Fig. 4. We note that the sharp cutoff of model points in the
scatter plot is due to the limits placed on the parameter space
of input used in generating the scatter plot. Just as for the
benchmarks of Table 1, the model points in the scatter plot
have enhanced leptonic (mostly tau) three body decays with
an estimated flux below the limits shown in Figs. 2 and 3. The
discovery of a monochromatic spectral line feature would be
a strong evidence for a decaying dark matter since standard
astrophysical processes do not produce such an effect.
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significant part of the parameter space will be accessible to more sensi-
tive future experiments such as SKA and CTA [36,48]. The ranges of the
scanned parameters are: 800 GeV < mo < 5 TeV, =5 < Ag/mo < 5,
700 GeV < m; < 5.5TeV, 400 GeV < my <4 TeV,2TeV < mj3 <
6.5 TeV, 1 < tanf < 50,500 GeV < M; < 5TeV and mx, = 6
TeV. The current and future limits from dark matter indirect detection
experiments are shown in both panels

5 Conclusions

The search for dark matter has resulted in both direct and indi-
rect detection experiments. Direct detection involves either
producing the DM particles directly using collider experi-
ments such as the LHC or using large volume underground
experiments such as XenonlT and the upcoming XenonnT
to measure electronic or nuclear recoil effects as DM parti-
cles scatter off xenon atoms. Most recently, XenonlT [67]
detected some excess in electronic recoil events in the few
keV region with hidden sector DM as a possible explana-
tion (see, e.g., [68] and the references therein). However, a
radioactive tritium background cannot be ruled out as a possi-
ble reason for such an excess. Indirect detection experiments
have been reporting several signals for possible DM parti-
cles through their annihilation or decay products such as the
positron excess by the PAMELA [69] and AMS-02 [70-72]
experiments. In contrast to charged particles which cannot be
easily traced back to their origin due to energy losses and dif-
fusion as those particles travel through the universe, gamma
ray signals do not suffer from those uncertainties and can be
a powerful tool in searching for DM.

In this work we have investigated the possibility of detect-
ing a monochromatic gamma ray line resulting from the
radiative decay of along-lived MSSM/SUGRA neutralino )Z?
into the hidden sector fermion 59 in the process )Z? — é? y.
With mixing between the visible sector and the hidden sec-
tor neutralino & 10 chosen to be ultraweak, the lifetime for the
decay of the neutralino is much larger than the lifetime of
the universe. Thus it was shown that the MSSM/SUGRA
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neutralino of the visible sector, although unstable, can gen-
erate the full dark matter relic density of the universe. At
the same time, production of the hidden sector neutralino
is suppressed in the early universe because of its ultraweak
interactions with the SM particles. Further, the amount of
hidden sector neutralino 510 produced via the decay of the
visible sector neutralino is negligible because the decay life-
time of the visible sector neutralino is significantly larger
than the lifetime of the universe. Thus the MSSM/SUGRA
neutralino of the visible sector is the dominant component of
dark matter in the universe at current times with the hidden
sector neutralino 510 being a subdominant component.

To investigate in a quantitative fashion the possibility
of detection of the monochromatic gamma ray signal in
the model, we generated a number of benchmarks given in
Table 1. To ensure the viability of the benchmarks we investi-
gated the diffuse gamma ray emission which can arise in this
model from three body decays such as )Z? — §? f f, where
the final state is dominated by t"t~. Similarly, the DM
annihilation is dominated by the channel 705 — v+t~
These decays produce diffuse photons and we showed that
the produced photon fluxes do not exceed the current limit
from Fermi-LAT allowing for a monochromatic photon line
to be observed in current and future experiments with greater
sensitivity such as SKA and CTA. We also showed that the
antiproton flux arising from these decays and annihilation
for the benchmarks makes a very suppressed contribution to
the antiproton background from astrophysical sources. It is
remarkable that despite the fact that line emissions are loop
suppressed compared to diffuse emissions from three-body
decays, the former can still produce a signal that may be
detectable in future experiments.

The model discussed in Sect. 2 is an extended
MSSM/SUGRA x U(1)x, x U(1)x, model with 8 neutrali-
nos involving kinetic mixing of three U(1)'s, i.e., U(1)y x
U(l)x, x U(1)x,, where the visible sector communicates
with the hidden sector X; only via the sector X; making the
coupling of the visible sector with X» doubly suppressed.
This mechanism is helpful in allowing the visible sector
neutralino to decay into the lighter neutralino in X, with
lifetime larger that the age of the universe with couplings
of two U(1)’s of size @(10~12). This is to be contrasted
with the case of just one U (1) x which would require a mix-
ing of size O(10~2%). While the ultraweak mixings of size
O1071%) — ®(10~2%) can be manufactured in string com-
pactifications, we believe that mixings of size O(10~12) offer
less fine tuned solutions than those of size O (10~2%). How-
ever, this is to a degree subjective. In any case, the proposed
mechanism of Sect. 2 is new and offers another solution to
achieving ultraweak mixings. Regarding Sects. 1 and 3, here
the first complete analysis of W-charginos, charged Higgs-
charginos, and fermion-sfermions exchange contributions in
the loops is given. The parameter space of the model is

constrained by the astrophysical and laboratory constraints
which include the relic density, the gamma ray flux and
antiproton flux. The monochromatic signal is analysed in
detail.

We discuss now briefly the issue of naturalness in our
analysis. In Ref. [73] the size of u was used as a measure
of naturalness which classifies radiative electroweak symme-
try breaking into the two different branches: the hyperbolic
branch and the ellipsoidal branch on which the soft parame-
ters lie. The hyperbolic branch admits a relatively small 1 and
satisfies the naturalness criteria as discussed in [73] while the
ellipsoidal branch has a large © and does not. In the present
analysis the radiative solution lies on the ellipsoidal branch
and does not satisfy the proposed naturalness criteria. How-
ever, in a broader perspective our analyses of naturalness are
based on incomplete understanding of the underlying uni-
fied model. It is altogether possible that the p term, which
is a supersymmetry preserving object, is determined at the
string scale. The radiative electroweak symmetry breaking
then becomes a constraint on soft parameters with p prede-
termined. In this case only the ellipsoidal branch survives as
a solution of radiative breaking.

Finally compare our analysis to previous works. While
decaying dark matter has been discussed by various authors
there is currently no focused work on the decaying neutralino
in the framework we discuss. Thus, while the work of [74]
discusses decaying neutralino as dark matter, the analysis is
within the framework of R-parity violation and has no over-
lap with our work. In our analysis, R-parity is strictly con-
served and the decay of the neutralino arises at the loop level.
The work of Ref. [75] does consider mSUGRA model points
but is restricted to leptonic three-body decays to explain the
positron excess and does not discuss the radiative two body
decay of the neutralino. Reference [36] discusses radiative
decay but the analysis is in a non-supersymmetric frame-
work with a brief discussion of the SUSY case. Further, the
model assumes the dark matter to be leptophilic to avoid
hadronic decays of DM. In our analysis a natural suppres-
sion of hadronic channels occurs due to a light stau as dis-
cussed in the text. Moreover, our analysis is consistent with
the observed Higgs boson mass and the relic density con-
straint which are overlooked in some of the previous analy-
ses. Finally, the analyses of Figs. 3 and 4 takes account of the
most recent experimental limits from Fermi-LAT and CTA
and discusses the prospects of the new SKA experiment.
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Appendix A: Interactions that enter in the analysis of the
neutralino radiative decay

The radiative neutralino decay )Z? — §?y is a loop sup-
pressed process and the loop diagrams contributing to it are
giveninFig. 1. Theloop diagrams involve the following inter-
actions: W Wy, chargino—chargino-y, neutralino—chargino-
W, neutralino—fermion—sfermion and neutralino—chargino-
charged Higgs. We discuss them below.
The WWy coupling is obtained from the triboson

Lagrangian

Ly =iecotty (04w — 0" W) W[z,
- (aﬂw”T - a”w*”) Wy Zy + Wy Wy (042" — a”z“)]

e[ (@ W = 0" W)y wiA, - (onwT

—0" W) Wiudy + W W] (9447 — 0 . (A1)
The chargino—chargino-y coupling is given by
Lz, =—eAuxy"x©, (A2)

while the neutralino—chargino-W coupling is given by

Liozw = @2 Wi 77" (oijL + Oi’;PR) x§ +he.,

(A3)
with
L 1 * *
Oij = —EX,’A‘,V‘/Z + X,'zvjl,
1
0,.’} =5 KUp + X5Uj1, (A4)

where X diagonalizes the neutralino mass matrix My of
Eq. (2.8) so that

X*MyX~!
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= di ~ ~ ~ ~ ~ ~ ~ ~
dag(mx?,mxg,mxg,mxg,m 0, mz0,m g,mxg),

x5 K X
(A.5)

and ) = 30, &) = 30, &) = 3, £Y = Q. The Majo-
rana phases are absorbed into X so that the masses are non-
negative. The U and V are the matrices that diagonalize the
chargino mass matrix so that

UMcv™! = diag(m =, m ), (A.6)

where M is the chargino mass matrix.

A.1 The effective Lagrangian for gg; )ZJQ interaction

The quark—squark—neutralino, gg; X;-)’ interaction at the tree
level is given by

‘Cqé)?‘) = gd_(KideR + Mld/ P])}Z?d]

+ git(K} Pr + M PL) % ii; + h.c. (A7)

Herei = 1, 2 stand for the two squark states (first generation
sup and sdown), j = 1 - - 8 stand for the 8 neutralino states
and where the couplings in Eq. (A.7) are given by
K[dj = —V2(B4j Dari + ag; Dai),
K,L; _\/E(,Buj Dy + a:j Dy2i),
M[dj = _\/E(Oldedli — YdjDa2i),
_\/E(aujDuli - yujDu2i)~

(A.8)

v
The quantity D, (with ¢ = u, d) in Eq. (A.8) is the matrix
that diagonalizes the squark mass square matrix, Mg, ie.,

DiMZD, = diag(m,, m,), (A.9)

q
where M{% is given by
mg(Aq — LRq)

MZ-/ +mq2 + M% Q4 sin? Oy cos2p

(A.10)

MZQ +m,12 + M%(% — Q4 sin? Oy ) cos2p
mg(Ag — LRq)

Here Q; = 2/3(—1/3) and R; = cotB(tanB) for ¢ =
u(d), and my is the quark mass. The various other quantities
appearing in Eq. (A.8) are defined as follows [76]

8Mau) X3(4)k
Ak = ==,
2mw cos fB(sin B)
’ g ’ .
Bawk = ¢Qaw Xy + mxﬂ(ﬁd(u) — Quw) sin® Ow),
g Qaw) sin? Oy

=e X — X5,
Ydwk = €¢Qdw) X c0s O %

(A.11)
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where T3y = —%, T3, = %, Q4 = —%, O, = % and the
X"’s are given in terms of X, the matrix that diagonalizes the
neutralino mass matrix, as

X1, = X1k cos Oy + Xoi sin Oy,
/lk 1k - w 2k w (A.12)
X5 = — Xy sin Oy + Xoi cos Oy .

The same analysis can be easily generalized to include the
second and third generation quarks and squarks. To extract
the interactions of the MSSM neutralino f({) from Eq. (A.7)
we set j = 1 while setting j = 8 allows one to obtain the
interactions of the LSP, 510 .

A.2 The effective Lagrangian for £ )Ziofj interaction

To determine the elements of this interaction, we start by
writing the slepton mass square matrix. It is given by

e (MZ +mg? — ME (% —sin? Byy) cos 28

mg(Ag — jutan )
my(Ag — putan ) ‘

M% + m@2 - M% sin? Oy cos2p

(A.13)

which is a hermitian matrix and can be diagonalized by the
unitary transformation

D}Mgm = diag(m?,, m?). (A.14)
The neutralino—lepton—slepton interaction in the mass diag-

onal basis is defined by

—Lyiz0 = E(Fij P+ Zij PR)ZEj + hee., (A.15)
where the couplings F;; and Z;; are given by
Fij = ﬁ(aeil)m — veiDe2j), (A.16)
Zij = 2(BuDe1j — 8¢ D),
and the quantities «, 8, ¥ and § are
gmyX3i
Q= ———,
2myy cos
’ 8 ’ .
Bri = eQeX | + ——— X5 (T3¢ — Qg sin’ Oyy),
cos Oy
) *
/ gQy¢sin“ Oy gme X3
Vi = eQeXy; — o ———— Xy, 8y = ————
cos Oy 2mwy cos
(A.17)

Again, the )Z?ZZ interaction can be gotten by setting i = 1
and :,5?22 is obtained for i = 8.

A.3 The effective Lagrangian for H ™ )Zl.o )Z;r interaction

The effective Lagrangian that describes the charged Higgs—
chargino—neutralino vertex is given by

Lyyoz+ = H 3@ + ysalDx} +he, (A.18)
wherei =1---8, j =1,2and
S 1 /s 1
oy = 5§ sin f + S 8ij cos B,
(A.19)

p 1, . 1
ajj = Esij sin 8 — Eéij cos f3.

In the above, &; and &/ ; are given by

8 *
—tanOw X; V75,,
V2 V2 t2

8 8
Si,j =—gX5Uj1 + —=X5;Uj» + —=tan Oy X7; U >.

V2 V2

8
Eij = —gXui Vi) — =XV} —

(A.20)

To obtain the interactions of f({) we set i = 1 and for é{) we
seti = 8.

Appendix B: The flux from relevant astrophysical pro-
cesses

The main source of gamma ray photons reaching terrestrial
detectors arises from the galactic center (GC). Those photons
can be prompt, i.e. the result of internal bremsstrahlung, or
come from the decay of SM hadrons or decay/annihilation
of DM particles. Secondary sources of photons are due to
inverse Compton scattering (ICS), bremsstrahlung and syn-
chrotron emission. In this work, prompt emissions and ICS
dominate for the energy range and observational region of
interest. The photon flux from the GC depends on the DM
density profile which we consider to be of the Navarro, Frenk
and White (NFW) form [77]. In this Appendix we give details
of the calculations of the gamma ray flux from prompt pho-
tons, ICS and IGRB as well as the antiproton flux.

B.1 Prompt y ray photons

SM final states (leptons, quarks, W=, Z) resulting from the
decay or annihilation of DM particles in the GC will give
rise to a continuum and diffuse photon spectrum. Photons are
produced either by final state radiation off charged particles
or by the decay of hadrons, such as pions. The spectrum has a
kinematic endpoint at half the DM mass for decay processes
and at the dark matter mass for annihilation.

@ Springer
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The differential photon flux for an observation region A€ is
given by

do
dEAQ

1 dN;
: Ti dEV ’

ro Po 7
(Ey)=r
ﬂmﬂ)

(B.1)

where dN;/dE, is the photon spectrum produced from the
decay into some final state i and is determined using PYTHIA
[78]," 7; is the DM lifetime, J is the average J factor for
prompt photons given by

- 4
J = E// dbdlcosb J[6(D, 0)], (B.2)

in the b x £ region with (b, £) being the galactic coordinates
(latitude b and longitude £) and

AQ :4f/dbd£cosb.

The J factor, J(0) is calculated with PPPC4DMID [80,81]
where cos & = cos b cos £ near the galactic plane. Note that
0 is the aperture angle between the direction of the line of
sight and the axis connecting the Earth to the GC. rg is the
location of the Sun in the galactic plane which we take to be
8.5 kpc and py = 0.4 GeV/em? is the DM mass density at
ro.

One can write a similar expression for the photon flux for
annihilation processes

2
do ro 1 PO - dN,
2 () ="2- j kil
deae™) = 4x2 (m;(? Z(awszy

1

(B.3)

(B.4)

where (o v); is the DM thermally averaged cross-section into
some final states i. This diffuse and broad spectrum of pho-
ton emission from DM particles is hard to disentangle from
astrophysical processes which constitute an overwhelming
background.

The direct decay/annihilation of DM particles to photons
will produce a sharp spectral line which can be easily detected
over the otherwise smooth background from astrophysical
emissions. Such a spectral line would be centered at

mso mzg
X &

E, = 2' — mzl , (B.5)
i

! QCD uncertainties in the modeling of the gamma ray spectrum in
DM annihilation from event generators have been analyzed in Ref. [79].
Depending on the DM mass and the photon energy-to DM mass ratio, the
uncertainties can range from ~ 30 to ~ 40%. Taking those uncertainties
into consideration does not change our numerical analysis in any drastic
way.

@ Springer

for the decay )Z? — §?y andat E, =m 70 for annihilation

)Z? )Z? — yy. In this case, the photon spectrum becomes
dN/dE, = §(E — E,) for decay and 26 (E — E,) for anni-
hilation.

B.2 Inverse compton scattering

Photon flux signals generated in the GC are generally the
most intense but are plagued with high levels of astrophysical
background processes. Athigher latitudes the signal becomes
weaker and so does the contamination from the background.
Energetic SM final states such as electrons arising from the
decay or annihilation of DM particles can scatter off the inter-
stellar light and the cosmic microwave background (CMB)
sending those soft photons into the gamma ray energy range.
Such a process is known as ICS. The photon signal from
ICS comes from every direction in the diffusion volume of
the galactic halo including high latitudes where astrophys-
ical processes are subdominant and thus suffers from less
uncertainties compared to the signal from the GC.

Products of DM decay or annihilation can be grouped into
primary, p, and secondary, s. Primary particles are the result
of the immediate decay/annihilation while secondary parti-
cles are stable SM particles resulting from the cascade decays
of the primary particles. For ICS, electrons and positrons are
the relevant secondary particles responsible for this scatter-
ing process. The differential ICS photon flux in the case of
DM decay is given by

d®ics ro po 1 mi?/sz
dE,AQ ~ 4n mo E2 J, ;

1 dNi
x Y ——2(Ey)Fics(Ey, Es, b, £),  (B.6)
i

T; dE

where E and m are the injection energy and mass of the sec-
ondary particle (in this case e¥) and Fics is a Halo function
determined using the NFW profile and a set of propagation
parameters [82]. For the DM annihilation case, the differen-
tial flux takes the form

2
do 1 M50
ics _ro [Po fxl dE,
dE,AQ 4m mso 2E2 [,
dN!
x Y _{ov)i— (B Fics (Ey, Ex, b, 0). (B7)
i

B.3 Antiproton flux

The production and propagation of cosmic rays in the galaxy
is a complicated process since it requires a modeling of diffu-
sion, energy loss and annihilation effects as the charged par-
ticles navigate through the magnetic field of the galaxy. This
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process is generally described by a transport equation which
arises from a stationary two-zone diffusion model with cylin-
drical boundary conditions [75,83]. For the case of antipro-
tons of mass m, resulting from DM decay, the solution to
the transport equation at the position of the solar system is
given by

1 m0 =y dN(E)
dE'G(E, E") ,
Tms;o Jo

X1

f(E) = (B.8)

where the Green’s function G(E, E’) contains all the astro-
physical information. The antiproton differential flux for the
case of DM decay can be expressed as [84]

d‘bls Vp PO 1dN;

= , (B.9)
dE' ~ 4m m. 70 T dE’
and for the annihilation case
Aoy v, 1 ( po dN;

= G(E,E . B.10
JE = dn 2 \m. 2 ( )Z” g ®10

The superscript ‘IS’ in Egs. (B.9) and (B.10) means that these
expressions are for the interstellar flux. The measurement
of the antiproton flux is done at the top of the atmosphere
(TOA) and such a value is affected by solar modulations.
The solar wind decreases the kinetic energy and momentum
of antiprotons and so in order to compare our results with
AMS-02 experiment [38], we determine the TOA flux as

2m , Etoa + E3
1% (Etop) = | —2——— T ) ol (Er).  (B.11)
2mpErs + Eig

where the IS and TOA kinetic energies are related by Es =
Etoa + ¢m, with the modulation parameter ¢y, taken to be
500 MV which corresponds to minimum solar activity.

B.4 The isotropic gamma ray background

As mentioned earlier, measurements of the isotropic gamma
ray background (IGRB) produce stringent limits on the DM
decay lifetime [49,85] and so it is important to consider this
component and make sure that the photon flux from DM
decay and annihilation is within the current experimental
limits. The IGRB is the faint component of the photon flux
measured at high galactic latitudes (|b| > 20°) with main
contributions from active galactic nuclei and star-forming
galaxies [39]. Together with extragalactic contributions due
to energetic cosmic rays generating electromagnetic cascades
or interactions with the galactic gas, the measured IGRB
spectrum leaves very little room for exotic components such
as DM decay or annihilation [86]. The flux due to prompt

photons and ICS from DM decay or annihilation can be cal-
culated for |b| > 20° using Egs. (B.1), (B.4), (B.6) and (B.7).
Next, we discuss calculating the photon flux of extragalactic
(EG) origin.

The differential prompt photon flux of extragalactic
gamma rays due to DM decay measured at a redshift z is
given by

EG
E,,
dEy ( y 2)
=Cfoodz/ A+2° o @) ety
0 H(Z)(A+2)° my
Lan (E.) (B.12)
Ti dEy v ’

where H(Z') = Hoy/Qm(1+2)% + (1 — Qa). py(2) =
po(1 +2)3 and E]// = E, (1 +z')/(1 + z), where the latter
relates the photon energy E,, at z with the photon energy
E; at 7. Here, Q, = 0.31, Q4 = 0.69, Hy = 67.7 km/s
and pp = 1.15 x 107° GeV/cm?. The quantity t(Ey, z,2)
is the optical depth of the universe between the redshifts z
and 7. This takes into account the absorption effects due to
pair production. Since the measurement of the flux is done
at z = 0, the differential flux for decay is given by

CDEG
(Ey)
dE,
c o0 z _ 1 dN!
27\/‘ Z I/OX( ),2 T(Ey, Z)Z 7(E)
mg Jo H(Z)(1+Z) 'L'sz
(B.13)
and for the annihilation case
EG
dq)l/ (E,) = ¢ / 7 Px (Z/)z ( /)ef'[(Ey,Z/)
dE, 7 om2 Jo T HE(A+2)?
dN'
x ,DUU)"E(EV)’ (B.14)

where B(z') is a cosmological boost factor which corrects
for DM clustering and is only relevant for the annihilation
case.

The second contribution to the IGRB is from ICS pro-
cesses on CMB photons and is more complicated. The cal-
culations require knowledge of the electron-positron number
density at redshift z’ as well as the background bath photons
(the CMB being the dominant component). We follow the
recipe outlined in Ref. [81] to calculate this contribution.
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