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The 3.5 keV line recently detected in the X-ray spectra ofaiergalaxy clusters may have had
a dark matter (DM) origin. We explore some of the implicafiaf this DM interpretation of the
line in the scotogenic model, where neutrinos acquire madiatively via one-loop interactions
with DM. Assuming the line to arise from the slow decay of fesmc DM in the model, we first
obtain a number of benchmark points representing the pdearsigace consistent with the new
data and various other constraints and then make predsctinrseveral observables in leptonic
processes. They include the effective Majorana mass irrineléss double-beta decay, the sum
of neutrino masses, and the rate of flavor-changing dacayey, as well as the cross sections of
ete collisions into final states containing nonstandard pladin the model. These are testable
in ongoing or future experiments and thus offer means togtoé model further.
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Recently two separate collaborations have independeapgrted the detection of a weak
unidentified emission line at an energy-0oB.5keV in the X-ray spectra of a number of astronom-
ical objects [1]. On the other hand, there have been anati@es by other groups that questioned
these findings, as reviewed in [2]. Pending a consensus othearthe signal is real or not, one can
therefore adopt the position that it does. In that case, yt Ina&e been a tantalizing hint of physics
beyond the standard model (SM), being compatible with tlagadteristics of a line attributable to
the decay of a new particle [1, 2].

Here we present the results of a recent study [3] under aairag@sumption, namely that
the 3.5-keV X-ray line does exist and originates from theagieaf a dark matter (DM) fermion.
Specifically, this particle belongs to the scotogenic mgdglin which light neutrinos get mass
radiatively via one-loop interactions with new particlédse lightest of which can act as weakly-
interacting massive particle DM. The nonstandard ingradief the model consist of a scalar
doublet,n, and 3 singlet Majorana fermions; » 3, all of which are odd under an exactly conserved
Z, symmetry. In contrast, the SM particles are Alleven. This symmetry prevents tree-level
neutrino mass generation and ensures the DM stability. ttersuppose that the DM comprises
nearly degeneratid; andN,, with the latter being the more massive, and the slow dé¢ay> N1y
is responsible for the detected X-ray line.

In this analysis, we take into account various constrairtsfthe DM relic abundance data,
neutrino oscillation measurements, and experimentatdion flavor-violating charged-lepton de-
cays such agu — ey. From the allowed parameter space, we make predictions @aradeob-
servables. One of them is the effective Majorana mass tmabegrobed in ongoing and planned
searches for neutrinoless double-beta decay. Anotheresiieg quantity is the sum of neutrino
masses that can be compared with numbers inferred from upgarosmological measurements
with improved precision. Also pertinent are the rates of ltmp-induced Higgs boson decays
h— yy and h— yZ, which receive scotogenic contributions and are alreadiguimvestigation at
the LHC. In addition, we predict the cross sections of etecfositron scattering into final states
involving scotogenic particles that can be tested at neregatiore™ e~ colliders.

We begin by expressing the Lagrangian for the interactidniseoscalar particles in the scoto-
genic model with one another and the gauge bosons as

L = (2°0)' 20 +(2°n)' Den ~ 7, (1)
whereZ. denotes the covariant derivative containing the SM gaudpsfithe potential [4]
¥ = B OTO + pEn"n + 32(T®)? + 3Ax(nTn)?
+23(@T0)(n"n) + A4(@'n)(n'®) + 3As[(®'n)?+ (n @), 2)

and after electroweak symmetry breaking

0 H+
°=gnn) T gwen) )

with h being the physical Higgs boson andhe vacuum expectation value (VEV) @ The VEV
of n is zero due to th&, symmetry. The masses of the new physical scalédrs?, andH* are
then given bymZ, = m2, + A;0% = p2 + 3(A3+ A, + Ag)u? and Mg = u2 + $A;0%. We make
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the usual assumption thag is small [5], [As| < |A3+ A4|, implying thatm., andm,, are nearly
degenerate|n?, —mZ,| = |As|u? < M, ~ m?2,. The Lagrangian for the masses and interactions
of Nk is

Zy = IMIERN, + Z[TH — 557 12)| P+ He @

whereMy represent their massek,r = 1,2,3 are summed over, the superscript c refers to charge
conjugation,Pr = %(1+ ¥5), and /123 =€ i, T. One can form a matrig/ for the Yukawag?;,,

Yo Ye2 Ye3
Y = Y[Jl Yu2 Y[J3 ) Yé,k = @rk- (5)
le Yr2 Yr3

The neutrinos gain mass radiatively through one-loop diagrwith internal?’, &2, andNg.
The mass eigenvalues; are given by [4]

diag(my,my,my) = %"t u, M, = W diag A1, \o,\3) X T, (6)

2
AU

A M2 2M¢ In(M, /)
kT 16mM,

o-ME (mg-Mp |
where 7 is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) unitaryrimand the formula for
N applies to themy ~¥ m,, ~m,, case. ForZ, we choose the standard parametrization [6]

mg = 3(m% +m), (7)

— C12C13 _ S12C13 _ sz€'°
% = uduag(eT,eT,l), U= —S12C3— 012523313?'6 C12Co3— 512523313& $3C13 [+ (8)
S1253~ C12C23513€°  —C12S3— S15C53513€° Cp3Cyg
where d € (0,271 and a, , € (0,277 are the Dirac and Majorar@P-violation phases, respectively,

Com = C0S6,, > 0, ands,,, = sin6,,, > 0.
The Yukawa coupling¥;,x need to satisfy the relations in (6). We adopt the soluti@hs [

Y. — —C1pC13Yp V. —S12C13Y> Y. — S13Y3
el — ei5 ) e — ei5 ) e3 — ei§7
C12C23513€" — 51253 S$12€23513€° + €153 C23C13
c €% +s,C éd—c Y.
Vi = 12323513€i(5 S12C3 Vi, Y = 31232381365 12023 Yo, Y = Sis 3 ©)
C12C23513€° —S125:3 $12C23513€° + €153 23
corresponding to the neutrino mass eigenvalues
A Y5en N,YS el N;YZ
m =L —2es m; = . (10)
C7,CT3 S C73C53
The requirement that, , ; be real and nonnegative then implies
a; = arg(AY3) a, = arg(A,Y5) arg(A3Y$) = 0. (11)

These choices are consistent with the neutrino oscillatada [8], including sit;3 # 0.
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Information on the values of some of the neutrino parametieose is available from various
measurements. A recent fit to the global data on neutrindlatsans [8] yield

si6,, = 0.308+0.017,  sin 6,3 = 04373333 sinf 6,5 = 0.0234"29%20,
On? = mg— i = (7.547925) x 10° eV?, 5/m= 139238
An? = mj — 3 (mé +mp) = (2.437590%) x 103 eV2, (12)

These belong to the normal hierarchy of neutrino magsgs< m, < ms), which is preferred
by the Yukawa solutions in (9). Unlike the well-determinepigred-mass differences in (12), the
absolute scale of the masses is still poorly known. Fronpwuarcosmological observations, one
can infer 3, m <0.2eV [6]. As for the Majorana phases, and a,, there is still no empirical
information available on their values.

We now enumerate the pertinent constraints on our scenfibenest. We start by recalling
our assumption tha\; is cold DM and only slightly less massive th&h such thatN, — Niy
proceeds very slowly and is responsible for the line. Moegd\; has a lifetimer,, longer than
the age of the Universey,, and hence contributes to the DM density with present-dagtifsnal
abundancd,. The near degeneracy b ; implies that fy, ~ %e*TU/ ™2 where the exponential
factor accounts for the depletion B after freeze-out time. As detailed in [3], it follows that we
can require

NNy -
2 1Ve

9.6x 10748 < Wity < 92x 10747, (13)

1
where 1, = 4.36x 10'" s [6]. This radiative decay arises from loop diagrams Wittem'nmalfkt and
HT and the photon attached to either one of the charged pattitterate is given by [3, 9]

aE3M?2

2
L (M8 M _ [t duuu-1)
M,y = 64m*ny, [Zlm(@”%z)g<mﬁ’mﬁ>] , GxY) _/o Ux— (1+x—yju+1 (14)

where E, ~ M, — M; < M;. Thus (13) translates into restrictions @ k2.

For theM; , values considered hetehe N, lifetime Ty, = l/rNz is dominated by the three
body decayN, — N;vv which is mediated by the neutral scalarsand.#” and therefore depends
also on%Lkz. We employ the amplitude and rate already derived in [7].

With both N; andN, making up the relic density, its observed value constitatesther re-
straint on their couplings. We imposel@55< Qh? < 0.1241 which is the 90% confidence level
(CL) range of the dath? = 0.11984 0.0026 [6], whereQ is the present DM density relative to
its critical value anch denotes the Hubble parameter. Due to the near degeneracyignel in-
teractions oy », their coannihilation becomes relevant to the calculatibtine relic density [11].
In that case& is approximately given by [11, 12]

. 1.07x 10° x; GeVv 1! 0.191(a.g + 6b.¢ /X )M, m
of? — f . X =In (Ber it/ Xt ) My Plj (15)
VO Mpy (8t + 3(Der — Acr/4) /%] VO X

1Their numbers in our examples lead (il — M1) /(M1 +M,) < 10-8. Such a tiny mass split may be explained by
the presence of an extra symmetey. particle number conservation, which alloNs andN, to form a pseudo-Dirac
fermion, but which is slightly broken by highly suppresse@i@tors [9, 10].
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where my, = 1.22x 109 GeV is the Planck masg, is the number of relativistic degrees of free-
dom below the freeze-out temperatufe = M, /X;, anda,; andb are defined by the expansion
of the coannihilation rateo,;U,. = a4 + begUZ, in terms of the relative speed,, of the an-
nihilating particles in their center-of-mass (c.m.) franiEhe leading contributions to,; arise
from (co)annihilations intov,v; and Ei‘ﬁfr, which are induced at tree level ify”, 22) andH*
exchanges, respectively. Neglecting tihe mass difference, we have [11]

_ 1 _ _ _
Ot = 7(011+201,+ 0p)), O = ONN—vv + ONN 00 012 = Op- (16)

These cross sections have been computed in [7, 13] and eacdeprfrom diagrams in theandu
channels because of the Majorana nature of the externaiahéermions. The size of the S-wave
contributionay is at least several times that of the P-wave bgeand comes mainly fron,,. In
numerical work, we keep in (15) both; andb.

There are also constraints @jk from the measurements of a number of low-energy observ-
ables. These couplings enter the neutrino masges; in (10) and consequently need to be con-
sistent with the most precise mass measurements. Thus wiesreq

An?

300 < = < 343 (17)

based on the 90% CL ranges of the datadarf andAn¥ in (12).
Other loop processes afe— ey and the modificatioda,; to the muon’s anomalous magnetic
momenta,,, which both involve internaH® andNy. The predictions are given by [5, 14]

2

_ 3a * g MI% _ _mI%l 2 o MI%
B(U— ey) = 64nGEnT, Z%k%kc/ (E) , Day, = 162n% Z|%k| 7 e )
a=¢e/@4mn), F(x = (1-6x+3x*+2—6xInx)/[6(1—x)*], (18)

whereGg is the Fermi constant. The data aé(u — ey)exp < 5.7 1013 at 90% CL [6] and
ay " —aM = (249+87) x 10 11 [15], the latter implying that we can requiféa,,| < 9x 10~°.

There are other constraints, described in [13], such agtong — (e 1)y, as well as the-
oretical ones, which turn out to be less important for whéoves. Direct searches for DM may
also add to the restrictions [9], but for the examples belavfiwd that the cross sections Nf
scattering off nuclei can evade the strongest limits froenlth X experiment [16].

After setting 8122313 and o to their central values from (12), taking, = 3.54 keV based
on the detected X-ray energy numbers in [1], and scanningdh@meter space of the model, we
obtain regions satisfying the restrictions discussed @b@ie illustrate this in Table 1 with different
sets of the mass parameteng,;, M; = M, —E,, andM; and the Yukawa constant§ , ;. Itis
worth noting that these results yielg,, ~ (1.4-17 1, and VIR VRVIVE (12-84 Mn,—Ny- We
turn next to the resulting predictions for a number of obakles.

We find that the benchmark points in Table 1 can translatedta — ey) values that are not
very close to the experimental lim#(u — ey)exp. We display the numbers in the second column
of Table 2. Thus they serve as predictions of the scotogesicasio under consideration that can
be tested with upcoming searches for— ey which will expectedly reach a sensitivity at a level
of a few times 101 within the next five years [17].
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Table 1. Sample values of the mass parametegs,, M1 ~ My, andMsz and Yukawa constants ;3
satisfying the constraints discussed above.

my my M My
Set | Gev  Gev Gev  Gev Yy Y, Y3

| 340 395 180 235 215+0.028 0.281+0.034a 0.419
Il 420 440 318 415 215+0.027 0.281+0.035 0.431
1 605 600 350 470 020+0.244 0.15740.319 0.535
\ 1030 1100 600 805 —0.360+ 0.041 —0.47140.053 0.716
\% 1100 1200 600 795 —0.377+0.072 —0.493+0.093 0.750

Table 2: Predictions corresponding to the benchmark points in Teblée last three columns contain cross
sections agéte~ ¢.m. energies,/s=1,2,3 TeV.

Blu—ey) (mgg) =M 01 o o % % Oz HA— (i (PD)
Sell S5 ko T T Gev Py Hyz 1 2 3

| 56 0054 0.20 —0.058 0.15 | 101 (439) 0.91(1.02) 0.96(1.01)0.038 0.059 0.03¢
Il | 27 0052 019 —0061 0.5 | 110 (499) 0.91(1.03) 0.96(1.01)0.010 0.038 0.029
M| 34 0050 018 057 0.78 145(665) 0.91(1.02) 0.96(1.01) O 0.060 0.055
IV | 093 0049 0.18 -021 0.001| 255(990) 0.91(0.98) 0.96(0.99) 0 0 0.054
V| 069 0052 019 —026 -0.047|280(1070) 0.91(0.98) 0.96(0.99) O 0 0.047

Another important observable is the effective Majoranasnas

(mgg) = ‘Z%limk‘ = ‘cizcio,mlei“l+§2c§3mzei“2+§3mge‘2i5‘ (19)

which follows from the Majorana nature of the electron nietrand can be probed in neutrinoless
double3 decay experiments [18]. This process is of fundamental rtapoe because it violates

lepton-number conservation and thus will be evidence farpigysics if detected [18]. The param-

eters in Table 1 lead to the predictions in the third colummadfle 2. They are only a few times less
than the existing experimental upper limits @ngg), the best one being 0.12 eV [6]. Forthcoming
searches within the next decade are expected to have sitiesitio (mgz) down to 0.01 eV [19].

The sum of neutrino massel,m,, is also predicted in Table 2. The results are compatible
with the aforementioned bound from cosmological obsemvati =, m <0.2eV [6]. Upcoming
data with improved precision can be expected to check ttaigtiens.

We include in Table 2 the corresponding valuesxof, computed using (11). Although cur-
rently there is no experimental information on the valuetheke phases, they may be extractable
from future measurements, especially thosgrgg).

Additional windows into the nonstandard sector of the maday be the Higgs boson decays
h— yy and h— yZ, which arise in the SM mainly from top-quark- awé-boson-loop diagrams
and also receive one-loop contributions fréfff. Employing the formulas given in [13] with the
Higgs massm, = 1251 GeV [6] and selecting specific values of the paramgtein (2), we have
listed in Table 2 the resulting rate ratio

B F(h—y?°)
Ve Tth= y/ )y’

The two numbers on each line in th&,,o column correspond to the two numbers on the same line
in the 1, column. Evidently the scotogenic effects on these two mbdes a positive correlation.

VO = y,Z. (20)
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Since the branching fraction ¢f — yy has been measured, we can already compare our examples
with the LHC data: Z(h — yy)/%(h — yy)sy = 1.167549 [20]. Its 90% CL range is compatible
with the predictions, but the situation may change when rdata become available.

As investigated in [7], next-generatia@t e~ colliders, such as the International Linear Col-
lider [22] and the Compact Linear Collider [23], have theguial to provide extra means to check
the scotogenic model further. Their c.m. energies may bégisds 3 TeV or more [22, 23]. Here
we consider the scattering e~ — H*H~ followed by the (sequential) decays laf* into ETNl
possibly plus neutrinos. Sindé is DM and the neutrinos are undetected, this process catesb
to the channelete™ — ¢*¢'~E with missing energy#, summed over the final charged leptons.
Employing the pertinent expressions derived in [7], weastdlthe scotogenic contributions in the
last three columns of Table 2 for c.m. energigs = 1,2,3 TeV, respectively. The main back-
ground is the SM scattering"e™ — W W~ — vv/'/T¢~ summed over the final leptons. Com-
pared to the SM tree-level cross-sectiang w7 = 0.28,0.10, 0.05 pb at\/s=1,2,3 TeV,
respectively, the scotogenic numbers can clearly be gdinnilsize and hence are testable at these
future colliders.

In conclusion, we have explored possible implications efihidentified 3.5 keV line recently
reported in the X-ray spectra of some astronomical objectiseé context of the scotogenic model.
Assuming that this finding can stand future scrutiny and tlwabetter standard explanations are
available for it, we consider the scenario in which the linigiaates from the decay of fermionic
DM in the model. Particularly, DM is composed of nearly degraiteN; andN,, the latter being
slightly more massive, and the slow dechly — N,y is responsible for the detected X-ray line.
We take into account various restraints on the model, ealhethose from the observed DM relic
abundance, neutrino oscillation data, searches for flaetating lepton decays such gs — ey,
and measurements of the mugn2. Subsequently, we select from the allowed parameter space
several benchmark points to make predictions on a numbettareisting observables in processes
involving leptons. These include the effective Majoranassnthat can be probed in ongoing and
planned searches for neutrinoless double-beta decayth@fsneutrino masses that can be com-
pared to numbers inferred from upcoming cosmological nreasents with improved precision,
the u — ey branching-ratio that will confront further experimentalecks not too long from now,
and the rates of the Higgs decalys— yy andh — yZ presently being examined at the LHC. Many
of the predictions are already within reach of running orrrieure experiments. We also evaluate
the cross section o" e~ — HTH~ — /¢~ E which is testable at next-generatiehe™ collid-
ers, such as the ILC. These machines can, in addition, oftézamer environment than the LHC
to measureh — yy,yZ. Thus our analysis indicates that X-ray lines from certatraaomical
objects can potentially provide extra means to scrutirfizescotogenic model.
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