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Abstract. In order to explain the recently reported peak at 3.55keV in the galactic X-ray
spectrum, we propose a simple model. In this model, the Standard Model is extended by
including a neutral spin-3/2 vector-like fermion that transforms like a singlet under SM gauge
group. This 7.1keV spin-3/2 fermion is considered to comprise a portion of the observed
dark matter. Its decay into a neutrino and a photon with decay life commensurate with the
observed data, fits the relic dark matter density and obeys the astrophysical constraints from
the supernova cooling.
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1 Introduction

Recently X-ray emission at ~ 3.55keV has been observed in the XMM- Newton X-ray obser-
vatory [1, 2] in many Galaxy clusters and in the Andromeda Galaxy spectra. The observed
flux and any X-ray line energy measured in the MOS spectra is given by

CI%/IOS = 4.0:’8:2 x 107% photons cm ™2 sec ™

ENOS = 3.544£0.02keV . (1.1)

The source of this line is yet to be identified. An attractive possibility, considered in the lit-
erature to explain the observed flux and energy, is to attribute it to the decay/ annihilation
of some dark matter particle which is stable over cosmological time scale and can account
for at least a significant fraction of dark matter relic density with mass and decay life time
commensurate with the observed data. Sterile Neutrino of mass 7.1keV capable of produc-
ing warm Dark Matter (WDM) density through resonant or non-resonant production with
parameters required to produce the observed signal is an attractive proposition discussed in
the literature [3-7]. R-parity violating decays of the lightest super-symmetric particle (LSP),
the decay of gravitons and axions, into neutrino photon pair and the decay of scaler field ¢ or
axion-like pseudoscalar fields a into photon pairs as possible explanation of the signals have
been considered in the literature [7-16] with varying success. The scalar case is of particular
interest because the scale of the new physics may involve super-symmetry (SUSY) which
conforms to the expectations from the physics of moduli.

Several new physics models beyond the standard model (SM) predict the existence
of spin-3/2 particles. In models of super-gravity, the graviton is accompanied by spin-3/2
gravitino super partner. In models of composites [17, 18], the top quark has an associated
spin-3/2 resonance. New physics models may include exotic fermions and gauge bosons
which are not present in the SM. Spin-3/2 fermions also exist as Kaluza -Klien modes in
string theory [19-22] if one or more of compactification radii are of the scale lower than the
Planck scale.

The prediction of spin-3/2 particle as a cold dark matter has been made by several
authors in SUSY models [23, 24]. Gravitinos with mass in the keV range have been studied



as the probable WDM candidate in various SUSY models [25-28] even before the observation
of 3.55keV X ray emission. Recently, authors of the reference [29, 30] have studied the
implication of the effective four fermion interactions involving the DM spin-3/2 particle on
relic density, the antiproton to proton flux ratio in cosmic rays, and the elastic scattering
off nuclei ( direct detection) in the effective field theory approach. Constraints from direct
detection of dark matter exist in literature on spin-3/2 WIMP candidates [31].

A recent comprehensive analysis by the authors of reference [32] demonstrated that
the measured flux of the 3.55keV line can be accounted for, by the conventionally known
plasma lines without invoking the dark matter decay as its origin. This explanation, however,
requires the fixing of the abundances of different elements which are still uncertain to a certain
degree. We, thus, feel that it is worthwhile to investigate alternative interpretations that are
consistent with the other astrophysical and cosmological data.

In this paper, we consider a new neutral spin-3/2 fermion assumed to be a vector-like
SM singlet. We will consider the decay of this 7.1keV DM particles into a neutrino-photon
pair (y — vv) with decay life commensurate with the observed galactic X-ray spectrum.
This spin- 3/2 particle could exist as fundamental particle or could be a bound state of SM
neutrino and U(1) gauge bosons. We will explore the possibility of such an exotic spin-3/2
particle to constitute the relic dark matter for a reasonable choice of parameters and confront
the model from cosmological and astrophysical constraints.

In section 2, we describe the spin-3/2 fermion model. In section 3, we discuss the
implication of the model to explain the observed galactic X Ray spectrum data. In section 4,
we obtain the relic abundance and the resulting constraints on the model parameters. In
section 5, we discuss the bounds obtained from supernova energy loss. Section 6 is devoted
to results and discussion.

2 The spin-3/2 model

The standard model is extended by including a spin-3/2, vector like particle x, whose right-
handed (RH) as well as left-handed (LH) projections transform the same way under SU(2) x
SU(1). We further let x to be a SM singlet. Spin-3/2 free Lagrangian is given by

L = X,(rx) A" xu(py) where
A = (i@ — my) ¢" — i (Y + A7) + A I+ mayHyY. (2.1)

Here x,, satisfies A"y, = 0. For on mass-shell x, we have

'YMXu(px) =0= auXu(px) = (]ﬂ - mx)Xu(px)' (2.2)

The spin-sum for spin-3/2 fermions

3/2 3/2
Stwp)= Y w( () and S up)= Y vip) T (2.3)
i=—3/2 i=—3/2
are given by
L 1 2 1
S/w(p) = —(I” +my) |G — g% T — Wpu Dv F % (Yupv =P | (2.4)

respectively.



The most general leading order standard model gauge invariant interaction between
the spin-3/2 SM singlet x and SM spin-1/2 fermions is given by the effective dimension six
operators:

5o
Lint = Z A*; Oi
i=1

= % 17 [0, 7] Xa® B + % [ 7 Dy xaD"6 + % [ 7" X'® By, (2.5)
where D), = 10, —i(gs/2) \*GY}, —i(g/2) ! W/f —1i9'Y By, By = (cosOF,, —sin0Z,,),
¢ = ite$ and I% is the SM lepton doublet. The weak U(1) hyper-charge Y for ¢ and y are
1/2 and 0, respectively.

In view of the on-mass shell conditions as given in eq. (2.2), the second operator Oy
vanishes and the third operator O3 becomes identical to the first operator O;. Therefore we

are left with only one coupling constant C', which can be simplified to give after symmetry
breaking;:

Cuvg_ -
L1 = S0 (00) 3 (0y) (cos0 ¥ —sin 7). (26)

Here vg is the SM Higgs vacuum expectation value and A is the new cut-off scale.

3 Galactic X-ray spectrum

The decay width for y — v,y is given by

Cug cos0\? 1 3
FX_>V6’Y =

A2 167 X
c 1?2 A 4 m, 13
=4, 1077 X -1 1
7310 [109} [100TeV] {7keV} sec (3.1)

Here we have taken the coupling of spin-3/2 particle with only one generation (say for the
first generation only) of SM neutrino.

The expected X-ray flux is proportional to the density of the decaying dark matter x.
The WDM which in the case considered here constitutes of spin-3/2 SM singlet, is believed
to comprise a portion of the observed DM relic abundance with CDM as the dominant
component [33, 34]. If the X-ray galactic signal is interpreted as coming from the spin-3/2
WDM yx decaying into a neutrino and a photon pair, the required value of the life time of x
should be given by 7, ~ 1.4 f x 10% seconds, where f (0 < f < 1) is the fraction of the relic
dark matter density contributed by the WDM x. At f = 1.0 the WDM x would account
for the entire dark matter relic density with a choice of new physics scale A of the order of
~ 100 TeV along with the coupling constant C' ~ 107", The small value of C' should not
be surprising as it can be considered to be a measure of trilinear lepton number violating
coupling and hence naturally small. Similar situation occurs in super-symmetric models
of R-parity violating interactions considered in the literature [9-16] as possible explanation
of the observed galactic X-ray flux. In realistic model, the mixing between photino and
neutrino for example, is suppressed by a small parameter ~ 1070 characterising lepton
number violation [14, 35-37].



If, the 7.1 keV signal, on the other hand, is interpreted as coming from pair annihilation
of 3.55keV spin-3/2 DM into two photons, the annihilation cross-section (o v)an,. has to
match with the best-fit decay-width of 7.1keV DM i.e.

r
(0 V)ann, = 2272 (3.2)
Tx
where n, = p,/m, ~ (10* — 10°) cm™? is the number density of spin-3/2 DM. This trans-

lates into (0 v)ann.fc =~ 2 x 10716 GeV 2,
The spin-3/2 particles can couple to two photons through U(1) gauge invariant dimen-
sion seven effective Lagrangian

C
Lint. = 5 Xu 9" Xv F*7 Fap. (3.3)

This gives an annihilation cross-section o(xx — v7y) ~ C’,%,y mi /(mwA®) and the desired annihi-
lation rate is achieved for A < O(100) MeV (for C,, < 1), which is clearly unphysical. Thus,
it is unlikely that the observed galactic X-ray signal can be explained by DM x’s annihilation
into photons.

4 Relic abundance of spin-3/2

Since the x’s couple weakly to the SM particles and are nearly stable with a lifetime com-
parable to the age of the Universe if they have to account for the observed X-ray flux,
they will decouple early when they are relativistic. They will, therefore, contribute to the
present mass density of the Universe as DM. Their abundance at decoupling is nearly equal
to the photon density at that time. During the adiabatic expansion of the Universe, their
number densities remain comparable. A rough estimate of the bound on y mass can be
obtained just like the bound on the neutrino mass [38] by requiring that the ratio of DM x
density to the critical density remain less than one. This gives m, < 12.8¢* (Tp) /ges €V.

The effective number of degrees of freedom

ve (7) x®@ 9" (Tp) at decoupling time of electroweak
symmetry breaking transition is found to be

x ) 7 about 113.75. In the computation of g* (1),
we have included the effective degrees of free-

(a) (b) 7. () dom from all SM particles and y, X spin-

x (@) 3/2 DM particles. However, in the MSSM,

X (x
) ¢* (Tp) is much larger ~ 228.75 and thus it
ez is not reasonable for the spin-3/2 DM par-
ticle x to have a mass of the order of about

7e (ve) 7. (v.) T7.1keV. The relic abundance of dark matter

x depends on the sources of production of

Figure 1. Relevant diagrams for decay and pro- y in the early Universe. The leading order
duction of the DM candidate . processes (shown in figure 1) that maintain
the DM x in equilibrium with the rest of the

SM plasma are the decay rate of Z — 7. + Xv. and the 2 — 2 pair annihilation rates,
namely, ['(Z — xUe + Xve), Sf,0(fifi = XVe + Xve) and o(WTW ™ — x¥, + Xv.) where
¥ s, means summation over all SM fermions (quarks and leptons). Using the interaction La-
grangian given in eq. (2.6), the decay and spin averaged annihilation cross-sections can be



computed in a straightforward manner. We obtain:

C%*v3sin?0 1 m%Z 4
—————2my
A4 72w m2 ’

T(Z—XTetXve) ~ (4.1)

draC?v
~

B o 1 8 1 s 2
a<zijfifﬁxv6+xw> S Th Tl \/j(m?)s
2 2
2, Q7 m; 1 1 i2, 02 3_s
205 (149 iz
X [cos o ( +2- )+(30829 (s—m%)2+T2m? {(gv +9ga )< T m%

mif, ;2 ;2 3/ s\ 3 s 2, q2 Qs (s—m%)
w2t (0 -a {35 ) S e ) P

i3 m2 m3 m? 3/ 5 i m12 me
and
1
draC?v? 1 4m? 1 s s \2
WIW™ 5T+ 7v0) &~ ——— 0~ [ F — [ = 2
ol e+ Xve) AT 2887 ( s 18m2 \mz, ) °
2 1 Am2 2 4
Tz 5 S (1= (14 20T 4 W
5 (s—m%)?2+TI%m3, s s s
1 m? mé mb
= (1+16—% — 68— _ 48— W 4.3
T ( O st s3 7 (43)

where gi, and gj; are the vector and axial vector couplings of respective fermions in SM.

If the decay and annihilation rates are much smaller than the Hubble expansion rate at
the temperature of the order of Elctro-Weak (EW) symmetry-breaking scale, the spin-3/2 DM
particle x will never be in thermal equilibrium. The Hubble expansion rate at a temperature
T is given by H(t) ~ 1.66¢g*T?/mp| where g* is the effective number of relativistic degrees of
freedom at the temperature T. The decay Z — xV. + XV comes into play only below EW
symmetry breaking phase transition temperature Tgw ~ 150 GeV. The Z bosons go out of
the equilibrium below roughly 5 GeV, the other SM fermions remain in equilibrium much
below this temperature.

The decay and annihilation rates can be estimated from egs. (4.1)—(4.3). The Z decay
rate is given by

A

—4

D(Z — XTe + Xve) = 7.7 x 102! C? [

The leading terms in the cross-section corresponding to x production through ff annihilation
and Wfusion processes are given by

—4
S a(fifs = e +xve) 223 x 101 €2 [ ] { A ] GeV™2  (4.5)

Z, 1Gev2) [1GeV
and
(WHW™ = X+ Xwe) ~ 6.96 x 10° €2 [ }3 AT ey (4.6)
7 X¥e T XVe) = 0. 1GeV2] |1GeV A ‘



respectively. One can obtain the constraint on the effective coupling C//A? by demanding the
thermal average I'(Z — X7, + XVe), <a (Zf ff = xVe —|—Xye> |m)> and (c(WTW~ — v,
+XVe)|nv) to be less than the H(T) for T ~ 150GeV (i.e. at the EW phase transition
temperature). Therefore, using g* = 113.45, we obtain

C [IGAeV} - <0.9x 10717 from Z decay, (4.7)
A ]2 -
C [lGeV} <1.0x107"  from (Spff — XTe +X0e) (4.8)
and
¢ [ 5 }2 <24x1071%  from WIW™ = X, + Xve. (4.9)
1GeV -

The thermal averaged cross-sections (o|nv) are estimated using the relation s = 4 (E)? where
(E) =315 T and 2.7 T, and n = 33 ¢73 and “3 ¢T3 for Fermi-Dirac and Bose-Einstein
particles, respectively.

The relic density of the spin-3/2 DM x can be evaluated by solving the Boltzmann
equation for the evolution of the number density n, of DM x and is given by

ny +3Hn, = —(I'(Z — XZ)}(ni —ng) -3y <a Zf? — XTe v> (nyny, n52)

—(o(WHW ™ = xB)v) (nynl, —nlV 2). (4.10)

Here, nf) is the equilibrium number density of species i. The region of validity of the equation
is when all the SM particles are in thermal equilibrium unlike the DM candidate x which
is realized for T < (15 — 20) m;. We can than put n, = 0 in the r.h.s. of this equation.
Changing the variable from time to temperature, the equation can be put in the form:

R L0 P2 T e (1.11)

dz K272

where z = myz /T, f = ny /T3, f§ = n}/T3, and K = 1.661/¢g*/mp;. We use Boltzmann
distribution functions for both the fermions and bosons, i.e.

p2+a?z?

(4.12)

/) = 75 (222722 ) = i) e

The thermal averaged decay rate and annihilation cross-sections can be expressed, following

refs. [39, 40], as
Kl(z)
KQ(Z)

(T(Z = x7e)) =T(Z — xve) (4.13)

and

(o(fifi = xVe)) = 84TK12(’;) AOOQ o(fifi = x7)(s — 4m?2)/s K, (‘f) ds. (4.14)

m;



Here, K 2(x) are the modified Bessel functions. In terms of scaled number density defined
as Ny = fyKmgz and by using the expressions for thermal averaged decay width and the
annihilation cross-sections given in eqgs. (4.13) and (4.14), the Boltzmann equation can be
written as

dNy Ki(z) 1

dz F(Z%Xpe)KQ(z) mZz 0(2)

+Z 827 KQgi /4 (y — 427)\/yK1(\/y2)o (fzﬁ—m(ﬁe)% (fi(wiz))? dy.

ZE

(4.15)

We solve the above Boltzmann equation for the scaled number density N, of spin-3/2 dark
matter particle y for 0.6 < z < 18 corresponding to 5 GeV < T < 150 GeV.

The contribution of the proposed 7.1keV spin-3/2 fermion x to the relic dark matter
density is obtained by numerically solving the Boltzmann eq. (4.15) from the electroweak
phase transition temperature to the freeze-out temperature of W’s and Z’s. The scaled
number density N, ’s for the leading processes that maintain the dark matter x in equilibrium
with the rest of SM plasma are obtained to be

A 174 B A 14
NX(P(Z)):c2x1019LGeV} . N, Zf:a(ff) 202“020[1%\/] ;

—4
and NX(U(W+W—))zC2x1023LGAe\J ; (4.16)

for the Z-decay, fermion-antifermion annihilation and W# fusion processes, respectively.
We find that the contribution of spin-3/2 DM fermion to the relic density from W=

boson fusion process is about three order of magnitudes greater than the contribution from

the rest of the processes. For our estimate of the dark matter density, we use the N,

C? x 1023 [A/1GeV] ™. Thus, the number density of x at the electroweak phase transition

temperature is given by nX/T3|T:TEW ~ N,/ (K M,) ~ 10?3/ (K M,). The number density

of x’s as the Universe cools to the present day is estimated to be nX]TO ~ T$x10%3 /(¢ Kmy)
where T is the present day temperature (Ty = 2.73K) and ¢ = ¢*(Tgw)/ g*(Tp) ~ 33.85.
The present day dark matter relic density py|, ~ C? x107° [A/1GeV]™* GeV* is then
obtained by multiplying the number density n, with its mass m,. Since, the critical dark
matter density p,. ~ 8.1 h? 10~%7 GeV*, the Q. = py/px, is computed as

—4
Qh? ~0.11 x 10* C? [1(1;er] : (4.17)

However, the desired value of £, h? ~Qpy=0.11 will be obtained for C[A/1 GeV] 2 ~ 1072,

5 Supernova energy loss

The 7.1keV spin-3/2 dark matter x can be a source of significant energy loss in the supernova
core. The emission rates for SN 1987 A have been extensively studied for weakly interacting
DM candidate particles like axions, gravitinos, right handed neutrinos, majorons, low mass



neutralinos, Goldstone bosons etc. in new physics models. Constraints have been put on the
properties and interactions of these particles [41-48]. The SN bound on neutrino magnetic
dipole moment have been one of the tightest [49]. In our estimate of the constraints on the
parameters of our model, we would use the Raffelt criterion [50] that new source of cooling
should not exceed the emissivity ¢/p = 10'? ergs per gm per section The main source of x
pair production in the core of SN is through the x 7, and/ or X v, production processes. The
emissivity i.e. the energy emitted per unit time and volume, is

3. .
i~ [ 1] gy @06 (s + 0 =0 =2 S o (1= i) (1= S B NP, (5.1
i=1 ¢

where |M \2 is the matrix element squared, summed over the initial and final states and
fi = [exp(E; — i) /T 4+ 1] is the Fermi-Dirac distribution for the ith particle.

In the supernova core immediately after the collapse, the temperature is high being of
the order of tens of MeV. Even though the nucleons are nearly non-degenerate, the electrons
are degenerate and the neutrinos are trapped. The core has a fixed value of the lepton
number. Thus, there also exists a sub-dominant energy loss process via the neutrino pair
annihilation ¥7 — xTe+Xv,. Since, the coupling of the dark matter particle x to SM fermions
is extremely weak, the x’s once produced freely stream out of the SN core, their mean free
path being greater than the core radius. We thus have u, ~ 0. Carrying out the phase space
integrals and making a change in variables from Ey, Es, 0 to By = E1 + Fo, E_ = E; — E»
and s = 2m?2 + 2E1 Ey — 2 |pi] |p3| cos 0, we get

VEZ+s

1 e e E E_
€= / ds/ dE+/ dE_ Siflfg olete™ = xTe). (5.2)
23 Jamz S s —VE%s 2

In deriving the above expression, we have neglected the Pauli blocking terms for the
final state particles x and v, which is an excellent approximation for 7., x and . We have
similar expression for the process v.U. — XU, + XVe. The cross-section for these processes
has been evaluated in eq. (4.2).

The core density lies anywhere between 3 x 102 to 3 x 10'4gm/cc. At a core temperature
of about 40 MeV, the electron chemical potential is p. ~ 200 MeV and pe — pp, = 50 MeV.
In our estimate of the energy loss, we consider the core density to be 3 x 10 GeV with
a core temperatures 30 (50) MeV and electron and neutrino chemical potentials 200 (150)
MeV and 150 (100) MeV, respectively, and evaluate the energy loss integral numerically.

Constraints from supernova cooling are obtained by numerical integration of the emis-
sivity expression (5.2) for the process et e™ — xVe+Xve at T = 30 MeV and electron chemical
potential p. = 200 MeV, we obtain

éleTe™ — XVe + XVe)

—4
=22 x10% C? [1GA6V] ergs/gm/s (5.3)

p core

where we have taken the core density peore to be about 3 x 10'gm/cc. Requirement of
—€_ < 10%ergs/gm/cc constrains

Pcore

A -2
C [mev] <6.7x 10718, (5.4)

Core temperature of 50 MeV and p. = 250 MeV results in a somewhat tighter constraint
C[A/1 GreV]_2 < 107, The contribution from the process V.7, — XxVe + XVe is totally
negligible being roughly 10 orders of magnitude smaller compared to the annihilation process.
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Figure 2. Combined constraints on the coupling C' and cut-off scale A from contribution to the
relic density as WDM, the rapid cooling of supernova SN 1987 A and decay of the spin-3/2 particle.
Allowed region (with yellow lines) of the parameter space is bounded by the maximum DM relic
density constraint Qpy = 0.11 and from supernova cooling of SN 1987 A. The region in green is
forbidden.

6 Results and discussion

6.1 Summary

We summarize the constraints on the parameters of our 7.1keV spin-3/2 dark matter particle
x from cosmological and astrophysical observations. We observe that the ratio of the coupling
and the square of the cut-off scale C'//A? associated with spin-3/2 particle x of mass 7.1keV
can be constrained as

o C [1&+] 2 < 102! from the consideration of y as a WDM candidate accounting for
the entire observed relic dark matter density Qxh2 = Qpm = 0.11,

o C [ﬁ]_z < 6.7 x 10718 from the the rapid cooling of the supernova through the
emission of y and,

e [ﬁ]_2 ~ 2.4 x 10720 from the lifetime of y through its decay y — ve7.

These combined constraints on the parameter space of coupling C' and the cut-off scale A
arising from its appropriate lifetime, contribution to relic density and supernova cooling are
shown in figure 2. The curves marked f = 0.01 and f = 1 correspond to the life time
Ty required for the observed X-ray flux for WDM x contribution Qxh2 = 0.01 x Qpy and
O, h? = Qpwm respectively. We find that the constraints from the cooling of supernova 1987A
and the DM relic density Q,h% = 0.11 enclose an allowed band (shaded with yellow lines
in the figure) in the parameter space spanned by C' and A. The parameter space shaded in
green is forbidden.

9T0 (9T0Z )20dvOr



We thus see that a minimal extension of the SM by adding a spin-3/2 SM singlet
with mass 7.1keV can account for the dark matter in the Universe, while at the same time
explaining the 3.55 keV X-ray line in the galactic X-ray spectrum through its decay xy — v~.

6.2 Outlook

Recently, superconducting detectors are proposed for direct detection of light DM particles
of mass as low as 1keV through electron recoil from DM-electron scattering in superconduc-
tors [51]. It will be worthwhile to study the DM model discussed in this article to compute
the DM scattering rates with electrons in a superconducting environment where electrons
are highly degenerate and the scattering is inhibited by the Pauli blocking and to explore
the feasibility of detecting the proposed DM particle. We leave this for the future work.
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