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Several hints of the presence of a new state at about 95 GeV have been observed recently. The CMS and
ATLAS Collaborations have reported excesses in the diphoton channel at about this diphoton invariant
mass with local statistical significances of 2.9¢ and 1.70, respectively. Furthermore, a 26 excess in the bb
final state was also observed at LEP, again pointing at a similar mass value. We interpret these intriguing
hints of new physics in a variant of the Scotogenic model, an economical scenario that induces Majorana
neutrino masses at the loop level and includes a viable dark matter candidate. We show that our model can
explain the 95 GeV excesses while respecting the relevant collider, Higgs, and electroweak precision
bounds and discuss other phenomenological features of our scenario.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has been
an incredibly successful framework for understanding
the fundamental particles and forces that make up our
Universe. However, it faces significant challenges when it
comes to explaining two crucial phenomena: neutrino
masses and dark matter (DM). Neutrinos were long thought
to be massless, as suggested by the original formulation of
the SM. However, experimental evidence has now firmly
established that neutrinos do have masses, albeit very small
ones. Similarly, the existence of DM, which is inferred
from its gravitational effects on visible matter, poses
another major challenge, and various theoretical extensions
of the SM have been proposed to account for it. Explaining
the origins and properties of neutrino masses and DM
continues to be an active area of research.

After the discovery of the Higgs boson, which proved the
existence of a scalar field and provided important insights
into the mechanism of mass generation, the LHC has
continued to search for additional scalar particles. In fact,
many beyond the Standard Model (BSM) scenarios include
new scalar states. This is also the case of models addressing
the neutrino and DM problems, which typically require
extended scalar sectors. If these new states have masses and
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couplings within the reach of the LHC, their signals may be
hidden in the currently existing searches or show up in the
near future and may appear at lower or higher masses than
the scalar found at the LHC at a mass of 125 GeV. If lighter
states exist, they may be produced given the high energies
available at colliders. In fact, different experiments have
performed searches for low mass scalars in different
channels [1-11].

The diphoton channel plays a crucial role in the search
for new scalar particles at the LHC. This final state allows
for precise measurements and clean experimental signa-
tures, making it easier to isolate potential signals of new
scalar particles amidst background noise. Interestingly, the
CMS Collaboration has been consistently finding an excess
over the SM prediction in this channel at a diphoton
invariant mass of ~95 GeV [5,6]. The statistical support
for this excess has been reinforced by recent results
obtained after the analysis of the full Run 2 dataset [7].
The excess is maximal for a mass of 95.4 GeV and has a
local (global) significance of 2.96 (1.36) and can be
interpreted as the production via gluon fusion and sub-
sequent decay of a new scalar state, hgs. It can be para-
metrized numerically in terms of the u,, signal strength,
which normalizes the cross section of the process to the
analogous cross section for a Higgs-like state H at the same
mass. The latest CMS result points to [7,12]
c™M(gg = hos = yy)

CMS _
oM(g9 - H — yy)

Hyy

=033, (1)

The ATLAS Collaboration has also performed searches in
the diphoton channel, although with a lower sensitivity.
A very mild excess in a mass region compatible with
that hinted by CMS was found in their Run 1 analysis [8].
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Their update including 140 fb~! of Run 2 data appeared
recently [13,14]. Intriguingly, the statistical significance of
the excess increases in the new ATLAS results. This can be
attributed to the addition of more statistics as well as to
several improvements in the analysis. In particular, the
model-dependent analysis presented in this update hints
at an excess, curiously at 95.4 GeV, too, with a local
significance of 1.7¢0. We note that this result is compatible
with that of CMS, which ATLAS cannot exclude.

The 95 GeV region is particularly interesting due to the
existence of other excesses hinting at similar mass values.
LEP has reported an excess in bb production at about
95 GeV with a local significance of 2¢ [2]. This excess can
be interpreted in terms of a new scalar state contributing
to the process ete™ — Zhys — Zbb, with a signal strength
given by [15,16]

P (ete™ — Zhys — Zbb)

LEP _ )
oM(ete™ — ZH — Zbb)

Hpp

=0.117£0.057. (2)

Other searches for light scalars in CMS also gave a small
excess in the ditau channel 4MS = 1.2 + 0.5 [10]. ATLAS
has not published any ditau search in this mass region
but has only provided results for scalar masses above
200 GeV [17].

The 95 GeV excesses have received some attention
recently [16,18-43]. We interpret them in a variant of
the Scotogenic model [44], a well-motivated and economi-
cal BSM scenario that incorporates a mechanism for the
generation of neutrino masses and provides a testable
DM candidate. We thus consider the possibility that these
excesses are the first collider hints of a new BSM sector
addressing some of the most important open questions in
particle physics.

The rest of the manuscript is organized as follows.
Section II introduces our model, whereas Sec. III interprets
the 95 GeV excesses in terms of a new scalar state in the
particle spectrum. The most relevant experimental con-
straints are discussed in Sec. IV, and our numerical results,
which prove that our setup can accommodate the excesses,
are presented in Sec. V. Other aspects of our scenario, such
as neutrino masses, DM, and additional collider signatures,
are discussed in Sec. VI. Finally, we summarize our work
in Sec. VII. An Appendix is also included with some
technical details.

II. THE MODEL

We consider a variant of the Scotogenic model [44] that
extends the SM particle content with ny generations of
singlet fermions ny, n =1, ..., ny, and n, doublet scalars
Na» @ = 1,...,n,. These fields are assumed to be odd under
anew Z, symmetry, under which all the SM states are even.
This generalizes the Scotogenic model [45], which corre-
sponds to ny =3 and n, =1, leading to a setup that

TABLE I. Lepton and scalar particle content of the model and
their representations under gauge and global symmetries.

Field  Generations  SU(3). SU(2), U(l), Z,
‘r 3 1 2 -1/2 +
er 3 1 1 -1 +
N ny 1 1 0 -
H 1 1 2 1/2 +
n n, 1 2 1/2 -
S 1 1 1 0 +

preserves all the positive features of the original model
and offers novel phenomenological possibilities. The 7,
doublets can be decomposed in terms of their SU(2),

components as
Ny
e = ( ‘ ) 3)
Na

In addition, we include a real singlet scalar S. The lepton
and scalar particle content of the model is summarized in
Table I.

The Yukawa Lagrangian of the model includes the terms

_ . _ 1 _
LD VyaaNpiihls = Ky SN, N, — 3 (My),,,N°,N, +H.c.,

(4)
where n,m=1,...,ny, a=1,...,n,, and a=1,2,3
are generation indices. The Yukawa coupling y is an
ny X n, X 3 object, while x and My are ny x ny sym-
metric matrices. My has been chosen diagonal without loss
of generality. Finally, we define # = io,n*. The scalar

potential of the model can be written as

V - VH + V'? + Vs + Vmixv (5)
with
1 .
VH = m%,HTH ‘|‘§l] (H'H)z, (6)
1
Vy = () et + 5 287 (niny) (1ét1a). (7)
1 2¢Q2 1 3 1 4
VSZEmSS +§/45S +les . (8)

Vi = A8 (H'H) (i) + 242 (H'n,) (), H)
1
+ 5 [ ) () + e
1
+ pgHHS + 2 dsH HS + i niny S

|
+ 5 AdknatnyS®. 9)
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Here, all the indices are 7 generation indices, and then m2,
23455 My, and /1,?5 are n, X n, matrices, while 4, is an n,,.x
n, X n, X n, object. We also note that 4s must be symmetric,
whereas 43 4, p1,,, and 1,,¢ are Hermitian. Again, m,% will be

assumed to be diagonal without any loss of generality.

A. Symmetry breaking, scalar masses,
and mixings

We will assume that the vacuum of our model is given by

v
H) =—,
() =
The vacuum expectation value (VEV) v breaks the electro-
weak symmetry in the usual way. In contrast, the Z,
Scotogenic parity remains exactly conserved due to

(n%) = 0. The VEV configuration in Eq. (10) imposes
|

(na) =0.  (8)=wvs. (10)

M2 _ (mg + 2/157J5 + %/,{HS 1)2 + 3/151)%

HEV + Ags v s

After application of Eqgs. (11) and (12), solved for m? and
m3%, this matrix becomes

1}2
M2, — <Us(/45 +245v5) —”ZHUS

U 'U"'/l vvU
H HS S>. (1])
ﬂH'U—F/IHSvUS

/1102

It can be brought to diagonal form as VyM3,VE =
My, = diag(mj, , mj, ), where hy and h, are mass eigen-

states and
cosa sina
—sina cosa
with

2(M5)1
(M1 = (Mip,

tan 2a = (16)

This mixing angle between the singlet and doublet scalars
plays a central role in the phenomenology of our model, as
we will explain in the following subsection. We focus now
on the Z,-odd scalars 7 and 0. We decompose the neutral
components of the #, doublets as

1
0 .
L 17
n \/E(WRM ’/[Ia) ( )

and they do not mix if we assume that CP is conserved in
the scalar sector. This can be easily achieved if all the

some conditions on the scalar potential parameters due to
the minimization equations

oV 1 1
b =m% v+ Uy vvg —1—5/11113—1—5/111511%1}:0,
(H)=5.(8)=u
(11)
avV 1
ﬁ :mévs +IMS1]§+§MH1}2
(H)=5.(5) =05
1
“F /15‘7)% +§/1HSU2/US = 0 (12)

After symmetry breaking, the real component of the
neutral H° field mixes with the real S field. In the basis
H = {S,Re(H")}, their mass matrix reads

v+ Aggov
HH HSs UV Us ) (13)

2 3 2 1 2
mH +MH1)S + Ei]’l) + EAHS/US

|
parameters in the scalar potential are real. Again, after
electroweak symmetry breaking, the n, x n, mass matrices
are given by

1)2 1)2
(Mi)ap = () gy + (03" 425" +28) =+ 455 + il vs,

27ns
(18)
(M3 )y = (1), + (358 + 280 = 15%) 2 58 4 g,
(19)
'U2 'UZ
(M$+>ab = (m%)ab + ’Igb 7 75’122 +/‘gb”5' (20)

Notice that the mass matrices for the real and imaginary
components are the same in the limit in which all the
elements of A5 vanish.

B. Scalar couplings

The couplings of the h; and h, scalars to the SM
fermions are determined by the @ mixing angle, which,
as discussed below, will be constrained to be small. We note
that the singlet S does not have a Yukawa term with the SM
fermions. Hence, it can only couple to them via mixing
with the SM Higgs H. As a result of this, one of the mass
eigenstates (h;, the mostly singlet one) couples to the SM
fermions proportional to sina@, while the other mass
eigenstate (/,, the SM-like one) couples proportional to
cos a. The same happens for the coupling to WW and ZZ
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FIG. 1.

bosons and the loop coupling to gluons. However, the one-
loop couplings to yy and yZ will be affected by the new
particle content present in our model, in particular, the #
doublets. In Fig. 1, we can see the different contributions to
the loop decays h; — yy. Similar diagrams can be drawn for
the yZ final state. On the one hand, the Higgses will couple
to yy/Z through the SM loops with W bosons and fermions,
with the largest contribution among the fermions given by
the top quark. On the other hand, the charged # states can
also run into the loop and contribute to the decay through
the gy, ,, coupling, given by

G = (V) it (Aysvs + py) + (Vi) ndsv, (21)
or, equivalently,

Gimy = €08 a(dys vs + p) + sinadsv, (22)

Ihym = — Sina(/lns”s + ﬂq) + cosadzv. (23)

C. Neutrino masses

After symmetry breaking, the ny x ny mass matrix of
the singlet fermions is given by

MN :MN+2K'1)5. (24)

As already explained, one can take the matrix My to be
diagonal without loss of generality. We will further assume
that « is diagonal too. Then, the singlet fermion masses are
Slmply giVCl’l by mN,, = (MN)nn = (MN>nn + 2KnnUS'

The simultaneous presence of the y and A5 couplings and
the My Majorana mass term (or the x coupling) leads to
explicit lepton number violation. Neutrino masses vanish
at tree level due to the Z, symmetry of the model, which
forbids a neutrino Yukawa interaction with the SM
Higgs doublet. However, neutrinos acquire nonzero
Majorana masses at the one loop, as shown in Fig. 2.
This mechanism is exactly the same as in the original
Scotogenic model [44], although our scenario includes a
variable number of N and 7 fields. The general expression
for the light neutrinos Majorana mass matrix can be
found in [45] where it is particularized for specific
(ny.n,) cases.

Y

One-loop contributions to h; — yy.

III. INTERPRETATION OF THE
95 GeV EXCESS

In the following, we will assume that the lightest Z,-even
scalar in our model, /4, has a mass of 95 GeV and is thus
identified with the scalar resonance hinted by CMS,
ATLAS, and LEP precisely this energy scale. Therefore,
h, is identified with the 125 GeV Higgs discovered at the
LHC. In summary,

hy=hos, hy=hjs. (25)
We should then study whether our model can accommodate
the experimental hints at 95 GeV. In other words, we must
determine the regions in the parameter space leading to a /;
diphoton signal strength in agreement with Eq. (1) that also
comply with the existing experimental constraints. We will
also explore the possibility to simultaneously explain the
other anomalies at 95 GeV in the bb and ditau channels.

The signal strength for the diphoton channel is given in
our model by

_olgg=m)  BR(h =7yr)
osm(99 — H)  BRgy(H — 1y)
) BR(h — yy)
=sinfg——— ",
BRgy(H — v7)

Ty

(26)

where we normalize again to the SM values; the usual
suppression by the a mixing angle has been taken into
account, and BR(h; — yy) is the h; — yy branching ratio
in our model. This is modified with respect to the predicted
value for a Higgs-like state with a mass of 95 GeV due to

HU H(J

FIG. 2. Neutrino mass generation in our model.
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the presence of the # doublets. The decay width of a
CP-even scalar to two photons has been studied in great
detail [46-48]. With n, generations of 7 doublets and
assuming diagonal g, ,, couplings, it is given by

2.3
Gra-m;,

I'(h; —» = N.Q%g, ++A, (T
(hi = 7y) 1287270 Zf Q5 gnrrA12(75)
v 2
+ A1 (tw) + D, o iy Ao (7))
;761
(27)

where 7, = m3 /4m?, and the A;(7) functions are defined in

the Appendix. As we can see, the presence of the 7 doublets
not only modifies the diphoton decay of the mostly singlet
state, but it also affects to the diphoton decay of the SM-like
Higgs. As discussed below in Sec. IV, this feature con-
strains the parameter space from the existing measurements
of the 125 GeV Higgs.

For the bb excess in LEP, we must consider the signal
strength

_ o(ete” — Zhy) _ BR(h — bb)
Hob = osm(ete™ = ZH)  BRgy(H — bb)
,  I(hy — bb)/T™ o, Ty

= sin* « n*a (28)

Tou(H = bB)/Tgy T

In this case, the mixing angle not only suppresses the
production cross section, but also the decay width of
h; — bb, which can only take place via singlet-doublet
mixing.

As we can see from both signal strengths, the main
features of this model to explain the signals are, on the one
hand, the reduced couplings to fermions and vector bosons
given by the mixing of the singlet state with the doublet,
which introduce powers of sina in the observables of
interest. This allows one (i) to evade the existing limits
from LEP and the LHC on light scalars with masses below
125 GeV decaying into SM states and (ii) to easily
accommodate the correct range of values to explain the
bb excess at LEP. This occurs easily because a singlet of a
mass of 95 GeV with a small admixture with the doublet
will predominantly decay into a bb pair. On the other hand,
the singlet couples directly to the # doublets. This induces,
via loops, the decay into a pair of photons. This feature
allows one to explain in a natural way the diphoton rate at
CMS. We can see that the features for both excesses have
different origins; the bb signal comes through the mixing
with the doublet state, while the diphoton signal is mainly
driven by the singlet couplings. In order to accommodate
both signals, the interplay between the singlet and doublet
components of /; must be looked for.

Finally, the signal strength for 77~ is exactly the same
as that for bb in Eq. (28). In fact, our model predicts
Upp = Y- This obviously precludes our model from
explaining the CMS ditau excess in the same region of
parameter space that explains the LEP bb excess. In fact, as
we will see below, the value of the mixing angle a required
to explain the ditau excess is too large, already excluded
by Higgs data. Therefore, the CMS ditau excess will be
interpreted as an upper limit instead.

IV. CONSTRAINTS

The presence of a 95 GeV scalar that could lead to an
explanation to the anomalies in the data is subject to
different constraints.

First of all, there are some theoretical constraints that
affect the parameters of our model. Such constraints
involve mainly the parameters of the scalar potential.
First of all, we demand all the quartic couplings in the
potential to be below /47 in order to ensure perturbativity.
Furthermore, we demand the potential to be bounded from
below to ensure that we have a stable global minimum. This
requirement is rather complicated in the presence of many
scalar fields so we apply a copositivity requirement. To the
best of our knowledge, the relation between copositivity
and boundedness from below was first discussed in [49].
We express the quartic part of the scalar potential, V4, as a
quadratic form of the real scalar fields in our model,
9 = {S.Re(H"). Re(rY). ... Re(1,)}. as

Vi = Aabfﬂgfﬂ;z,, (29)

where the matrix A encodes the parameters of the scalar
potential. The copositivity requirement is then given by

V, 0. (30)

This is the condition that we impose on the scalar potential
of our model. Although being overconstraining, once the
potential passes this requirement, it is guaranteed to be
bounded from below. For more details, we refer to the
Appendix of Ref. [45], where this general approach is
described.

Furthermore, several experimental searches are sensitive
to the spectrum of our singlet extension of the Scotogenic
model. In that sense, the most important searches are the
ones provided by colliders. Since the Higgs sector gets
modified with respect to the one of the SM, one must
ensure that all our predictions are in agreement with the
existing collider measurements. We remind the reader that
we have adopted a setup characterized by a light scalar
around 95 GeV and a SM-like Higgs boson at 125 GeV. In
order to take into account the bounds on the 95 GeV scalar,
we make use of the public code HiggsBounds-v.6 [50-56],
integrated now in the public code HiggsTools [57]. This code
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FIG. 3.

10°

2 generations of n
my, = 200 GeV

10—1 4

BR(h1 —r XX)

1021 -

1073 T T T
0.0 0.1 0.2 0.3 0.4
sin a

Branching ratios of the i scalar into several final states for n, = 2, 13 = 0.55, /_1,751)3 = 500 GeV, and j, = 1500 GeV.

Left: contours of BR(%; — yy) in the m, —sina plane. Right: BR(/; — XX) as a function of sin« for a fixed m, =200 GeV.

compares the potential signatures of such a scalar against
BSM scalar searches performed at the LHC. A point in the
parameter space of our model would be excluded if its
signal rate for the most sensitive channel exceeds the
observed experimental limit at the 95% confidence level.

Moreover, as a 125 GeV SM-like Higgs boson has been
observed at the LHC, we ask the second scalar state to be in
agreement with the experimental measurements of its
signal rates using the public code HiggsBounds-v.3 [S8—61]
that is also part of HiggsTools [57]. This code constructs a >
function using the different data from the measured cross
sections at the LHC involving the measured 125 GeV
Higgs boson. For that purpose, we provide the code with
the rescaled effective couplings for the different sensitive
channels in our model. Once the x> function is built
for a point of the parameter space, we compare it with
the result of the fit for a 125.09 GeV SM-like Higgs boson
with HiggsBounds-v.3, Y3y 105 = 152.49, and impose that the
difference between the calculated y7,5 and ygy; o5 is less
than 20 away from the LHC measurements in order to
consider a point as experimentally allowed. Since we
perform a two-dimensional analysis of the parameter space,
our consideration for a point to be allowed becomes
AMtrs = Ios _)(gM,IZS <6.18.

Another point to have into consideration is the fact that the
presence of an SU(2); scalar doublet can induce sizeable
contributions to the electroweak precision observables. In
particular, the oblique parameters S, T, and U are generally
affected by the presence of these particles, but these strongly
depend on the scalar masses [62,63]. When the CP-even and
CP-odd Z,-odd neutral states are mostly degenerate, or
equivalently when the entries of the A5 matrix are small,
the T parameter imposes a restrictive bound over the
difference in masses between the charged and neutral
states, Am(n*,n°) = |m, —m,o| 140 GeV [63]. Charged

particles are also heavily constrained by different searches at
colliders. However, these searches assume specific decay
modes. In our case, the decay of the charged n* scalar takes
place via electroweak couplings as n* — 7°W*. Since all
decay chains must include the DM state, this eventually
leads to missing transverse energy and leptons or jets in the
final state. For that purpose, we impose a conservative limit
on the charged particles given by the LEP experiment of
about m,: 2 100 GeV. We impose this bound even if a
detailed analysis could show that the limits might be weaker
in some specific configurations due to the decay modes and
mass differences. Such a detailed analysis is out of the scope
of this paper, which just aims at showing that our model can
accommodate the 95 GeV excesses. The LHC has also
performed searches looking for charged particles that decay
into a neutral one and different objects [64,65]. Although the
current limits on charged particles can reach high values of
the mass, they are again strongly dependent on the mass
splitting between the charged and neutral states, making the
searches almost not sensitive for differences lower than
Am(n*,n°) <60 GeV. Furthermore, there are searches that
look for charged particles that decay into neutral states
that are close in mass, producing soft objects as final
state [66,67]. These searches aim to cover the gap in mass
values of the previous analyses for charged particles.
Their sensitivity is maximized for mass differences
of order Am(n*,3°) ~ 10 GeV, decreasing for increased
values of Am(n*,n"), untl it reaches Am(y*,7°) ~
60 GeV, where the searches from Refs. [64,65] are sensitive.
For that reason, we take the masses of the 7 doublet in such a
way that fulfil S, 7, and U parameters and the collider
constraints. This requirement can be achieved naturally in
this model according to Eq. (20) since Am(7+, %) is driven
by the couplings A" and 24”. The first of these matrices has
entries typically smaller than 1, while the second one is
usually very small due to its link with neutrino masses.

115001-6



SCOTOGENIC EXPLANATION FOR THE 95 GEV EXCESSES

PHYS. REV. D 108, 115001 (2023)

HSMS: 2 generations of 7

LEP

200 250

my, [GeV]

100 150 300

0.40
0.351 [u%"[s: 1 generation of 71]
0.30 1
0.25 1
s &
20201 =
n
0.15 1
0.10 1
0.05 1
0.00 T T T T T
100 120 140 160 180 200
my, [GeV]
0.40
0.35 1
0.30 1
0.25 1
s |a
202017
o2l
0.154
0.10 1
0.05 1
0.00

/LS}YVIS: 3 generations of 7

100 150 200

250 300 350

my [GeV]

FIG. 4. Regions of the m, — sin a plane that explain the CMS diphoton excess for fixed values of Z,, svs = 500 GeV and A; = 0.6. The

CMS

colored regions accommodate 4y,

at 1o, while the solid lines correspond to the CMS central value y%,MS = 0.33. The different colors

are associated to different values of i, = 500 GeV (purple), 1000 GeV (yellow), 2000 GeV (red). The gray band on the left is (in
principle) excluded by direct searches at LEP, although it would be allowed for sufficiently compressed spectra.

V. NUMERICAL RESULTS

We now show our numerical results. For the sake of
simplicity, we will assume in the following that 13, u,, and
Ays are proportional to the n,, X n, identity matrix 7, , thatis,
X=XT ny» with X = A3, Hops ﬂns.l Figure 3 shows our results
for the i; decay width and branching ratios into several final
states. This figure has been made with the specific choice
n, =2, fixing also A3 = 0.55, /_1,75115 =500 GeV, and
#y = 1500 GeV. The left-hand side of this figure shows
contours of BR(/; — yy) in the m, — sin a plane. One can

'A different choice of the coupling structure, such as non-
diagonal couplings, may result in a higher diphoton rate and may
alter also the bounds from the Higgs constraints. However, the
results do not differ much from the ones considering that the
couplings are proportional to the identity matrix.

see that BR(h; — yy) decreases with m, as expected and
gets enhanced for low values of sin a. In fact, the branching
ratio into the diphoton final state can be of order 1 for very
low values of sin a. This behavior is also illustrated on the
right-hand panel of the figure, which shows the dependence
of the different BR(h; - XX) on sina for a fixed
m, = 200 GeV. The enhancement is caused by the strong
suppression of all the other channels, which have negligible
branching ratios for low values of sin a. This is simply due to
the fact that the &, ~ S decay into SM states can only take
place via singlet-doublet mixing. It is important to notice
that for values of sina 2 0.05, the branching ratio to a bb
pair becomes predominant favoring the LEP signal as was
explained in Sec. III.

Figure 4 displays different examples that prove that our
model can easily fit the CMS diphoton excess. We test here
how the different choices of n, can affect the result of the
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diphoton rate. In order to obtain these solutions, we have
assumed the coupling of the 7 scalars to the /4; and h,
scalars to be A,5v5 = 500 GeV and 3 = 0.6, respectively,
and we also fixed the value of j, in the three figures to
500 GeV (purple regions), 1 TeV (yellow regions), and
2 TeV (red regions). Then, we found the (m,, sina) pairs

that can reproduce uSMS. Furthermore, we also vary the
number of 7 generations in the model and assume degen-
erate 7 doublets. The upper left plot of Fig. 4 represents the
solution for only one generation of # doublets. We can see
that the m, range in which our model explains the CMS
diphoton excess depends on the values of y,. For example,
for the lowest value of the coupling, ji, = 500 GeV, the
mass of the charged 7 scalars must be around m, ~
100 GeV to compensate the low value of the parameter,
whereas for larger values of the coupling, the # masses can
reach ~180 GeV. In the upper right plot of Fig. 4, we can
see the case of two generations of # that have the same mass
m, = m, = m,. With two generations, the diphoton rate
increases, and, for this reason, the CMS diphoton excess is
explained for greater values of the x# mass. Something
similar happens in the case of three generations, shown in
the lower pannel of Fig. 4. In this case, the m, value
required to accommodate the CMS excess can be as high as
300 GeV when the y,, couplings are of the order of 2 TeV.
In general, we can see that introducing more copies of 7
allows for their mass to be larger while still fitting the CMS
diphoton excess, although this could be achieved with only
one generation.

It is important to note that an explanation for the CMS
diphoton excess can be found for small values of sina, in
the ~0.02 ballpark. This may be surprising at first, since
such low values of the singlet-doublet mixing angle
strongly suppress the production of h; at the LHC.
However, the existence of the low a region is due to the
abovementioned increase in BR(h; — yy), see Fig. 3,
which compensates for the reduction in the production
cross section. In fact, one can estimate a lower limit on
sin @, below which £ cannot fit the CMS diphoton signal
strength because the required branching ratio into yy would
be larger than 1. The production cross section for a SM
Higgs that decays into a pair of photons at /s = 13 TeV is
approximately oy x BR(H — yy) ~0.125 pb [7]. Then,
assuming the hypothetical scenario with BR(h; —
vy) — 1,> one finds the limit sin a > 0.0215 for the central
value of M5 and the range sina 2 [0.027 — 0.017] taking
the 1o region. This is precisely what determines the low «
region observed in Fig. 4.

Given that some regions of the m, —sina plane con-
sidered in Fig. 4 have small sin a values, one may wonder
about the decay width of &;. We note that /#; must decay

It is important to note that this limit is just hypothetical. Once
it is reached, then the singlet cannot be produced in the LHC.

0.40
cTp, [mm)]
0.35 2 generations of 7
0.30 10-9
0.25
3
= 0.20
% 2.5 %1079 ——
0.15
0.10 10-8
0.05
/__ 107 ——————
0.00 -

100 150 200 250 300 350
my [GeV]

FIG. 5. Contours of the decay length, cz;, (in mm), of /2, in the
m, — sin a plane for a variant of the model with two generations
of 1 doublets. The colored region explains the CMS diphoton

excess at lo with two generations of 7, 1,5v, =500 GeV,
ity = 2000 GeV, and J3 = 0.6.

promptly for our explanation of the CMS diphoton excess
to work. We explore this in Fig. 5, which shows contours of
cty, in the m, —sina plane for a variant of our model
featuring two generations of # doublets. We see that /2, has
a short decay length, well below that regarded as prompt,
even for small a angles. Again, the reason is the enhance-
ment of the diphoton decay channel.

Let us now consider the LEP bb excess in combination
with the previously discussed CMS diphoton excess. One
can see in Fig. 6 the region of the (m,, sina) plane where
both excesses can be explained. As discussed in Sec. III, the
charged # scalars not only affect the 4, diphoton rate, but
also modify the one for /,, already measured at the LHC.
This implies limits from Higgs data, displayed in this figure
by the dark gray area, which is excluded at 95% CL. One
should notice that the LEP excess can be explained in a
region of parameter space that lies on a high value of sina
and is mostly excluded by Higgs data. However, there is
still a portion of the allowed parameter space where both
excesses are explained. As expected, this portion involves
lighter charged #n scalars when fewer generations are
considered. With the specific values chosen in this figure
for the 4 snVs> 3, and i, parameters, the required 7 masses
range from ~130 GeV to ~220 GeV. Finally, we note that
the dark gray area in Fig. 6 depends very strongly on the A,
value. This can be easily understood by inspecting Eq. (23).
For some values of 45, the g, ,m coupling becomes O(1) and
excludes most of the parameter space due to Higgs data.
However, one can choose specific values of 5 that induce a
cancellation in the gj,,, coupling and make the constraints
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FIG. 6. Regions of the m, — sina plane that explain the CMS diphoton and LEP bb excesses. The region that explains the CMS
diphoton excess at 1o is shown in light red for n,, = 2 (top panels) and 3 (bottom panels). We have fixed Ag,vg = 500 GeV and 43 = 0.6,
while the trilinear i, takes the values 500 GeV (left panels) and 1000 GeV (right panels). The area that fits the LEP excess in bb is shown
as light orange, while we show as a dark gray shaded contour the area that is disfavored at 95% CL by Higgs constraints.

from Higgs data less stringent. Our choice 13 = 0.6 is an
example of this.

Alternatively, since the LEP bb excess is not very
significant from a statistical point of view, one can interpret
it as an upper limit on the e*e™ — Zhgs — Zbb cross
section. In this case, we conclude that the restrictions
imposed by the LEP search in this channel are compatible
with the areas where our model can explain the diphoton
excess in CMS. The case of the CMS ditau excess is
similar. The value of sin a that would be required to explain
this excess is quite large, above the current limit. The
minimum value of the mixing angle in order to explain this
signal would be sin a,;, ~ 0.7. However, as there is only
one search by CMS at still low luminosity and there are no
more searches, we consider this excess as still not signifi-
cant. We can again interpret it as an upper bound on the
pp — hgs — t7~ cross section. In this case, we conclude

again that the region of parameter space where the CMS
diphoton excess is explained respects this bound.

VI. DISCUSSION

Once shown that our scenario can accommodate the
95 GeV anomalies, let us comment on some other aspects
of the model that have been ignored in our previous
discussion. This is the case of neutrino oscillation data.
As already explained in Sec. II C, neutrinos acquire non-
zero masses via loops involving the Z,-odd states N,, and
n,. Therefore, the resulting neutrino mass matrix depends
on their masses, as well as on the A5 quartics and the y
Yukawa couplings [45]. For specific values of ny and n,,
the y Yukawa couplings can be readily written in terms
of the parameters measured in oscillation experiments
using a Casas-Ibarra parametrization [68] adapted to the
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Scotogenic model [69-71]. However, we note that the y
Yukawa couplings do not play any role in the 95 GeV
collider phenomenology.

The Scotogenic variant discussed here also contains a
DM candidate. In this family of models, one usually has
two options: fermion () or scalar ('h) DM. However, in
order to accommodate the 95 GeV anomalies, we require
relatively light  doublets, with masses m, < 300 GeV for
n, < 3.3 This is too light to accommodate the DM relic
dens1ty determined by the Planck Collaboration [72]. In
fact, the scalar DM scenario resembles the inert doublet
model [73], which is known to fully account for the
observed relic density for DM masses in the 500-700 GeV
range [62,74-76]. In contrast, m, < 300 GeV may lead to
underabundant DM, hence requiring an additional DM
component. While this is generally true in the inert doublet
model, in the presence of singlet fermions, their coanni-
hilation effects [77] or late decays [78] can lead to an
increase of the relic density and allows it to saturate its
observed value for DM masses below 500 GeV. We should
also note that we consider more than one generation of 7
doublets. This variation of the Scotogenic model deserves
further investigation since it may lead to novel possibilities
in scenarios with scalar DM. Alternatively, we may con-
sider scenarios with fermion DM. This candidate is known
to be potentially problematic due to existing tension
between the DM relic density (which requires large y
Yukawas) and constraints from lepton flavor violating
observables (which require small y Yukawas); see, for
instance [79]. Two interesting scenarios emerge:

(i) my, <m 0 If the DM particle N; is much lighter

than the ;7 States (for instance, my, ~ 100 GeV and

n ~ 300 GeV), the y Yukawa parameters must be
adjusted properly to suppress the contributions to
u — e flavor violating processes, such as y — ey,
while being compatible with neutrino oscillation
data. This scenario, whether obtained simply by
fine-tuning [79] or by enforcing some textures for
the Yukawa matrices [80,81], is perfectly viable. It
would be characterized at the LHC by the pair
production (due to the Z, symmetry) of # states,
which subsequently decay into the invisible N; and
leptons: ) — N,vand f — N;£*. This scenario is
constrained by existing searches for sleptons, which
would have a very similar phenomenology in both
R-parity conserving and violating supersymmetry
(see, for instance, [82—85]). Furthermore, a light N,
may also contribute to the invisible decay of &,
(f my, <my /2) andlor h, Gf my, < my,/2). In
fact, the 7y — NN, invisible channel may easily

The explanation of the diphoton excess involves the charged 5
states, not the neutral ones considered here. However, the mass
splitting between charged and neutral components is small since
it is controlled by electroweak symmetry breaking effects.

dominate the h; decay width and preclude an
explanation of the 95 GeV excess.

(i) my, < mp. If the NV, singletis almost degenerate with
the lightest 7 states, coannihilations become efficient,
and the DM relic density is more easily obtained
[77,79]. This enlarges the viable parameter space of
the model and leads to novel signatures at the LHC. If

the mass splitting Am = Mye —my, is small enough,

the decay #i — N;#* may involve a long decay
length, hence producing charged tracks at the detector.
Finally, in parameter points with my =~m, /2, the
annihilation cross section in the early Universe gets
enhanced due to resonant effects. In such cases, one can
achieve the correct DM relic density without invoking large
couplings. This is a generic feature that does not affect the
previous discussion.

VII. SUMMARY AND CONCLUSION

We have shown that a theoretically well-motivated
model can accommodate the diphoton excess hinted by
CMS and ATLAS at 95 GeV as well as the hint for a bb
excess at similar energies by LEP. Our model is a minimal
extension of the Scotogenic model and, besides addressing
these collider anomalies, also provides a mechanism for
the generation of neutrino masses and a testable dark
matter candidate. We have allowed for variable numbers
of generations of the Scotogenic states N and x and
discussed our results for several choices of interest.

There are two CP-even (and Z,-even) scalars: i; and h,.
The lightest of these states, A4;, is identified with hgs, the
hypothetical scalar that is responsible for the yy and bb
excesses at 95 GeV, while h, is the Higgs-like state
discovered by the CMS and ATLAS collaborations in
2012. Our numerical analysis shows that the excesses
can be accommodated in our model in a large fraction
of the parameter space. The viable region is characterized
by sizable p, trilinear couplings and leads to 5 scalars with
masses below ~300 GeV (~180 GeV) for n, =3 (for
n, = 1). As expected, a larger number of » generations
implies larger contributions to the /; diphoton coupling
and enlarges the viable parameter space.

Our scenario has a rich phenomenology, both at colliders
and at low-energy experiments. The nature of the dark
matter candidate and the particle spectrum determines
the phenomenology at colliders. Depending on the mass
differences between the lightest Z,-odd fermion and
Z,-0odd scalar, one expects monolepton events including
missing energy or charged tracks at the LHC detectors.
In addition, the usual lepton flavor violating signatures,
common to most low-energy neutrino mass models, are
expected, too. Therefore, our setup not only is well
motivated from a theoretical point of view, but also has
interesting phenomenological implications.

We conclude with a note of caution. Although the
coincidence of several excesses, hinted by independent
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experiments at the same invariant mass, is highly intriguing,
their relatively low statistical significance implies that more
data is required to fully assess their relevance. We eagerly
look forward to future updates on the 95 GeV excesses.
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APPENDIX: LOOP FUNCTIONS

The loop functions involved in the calculation of
['(h; — yy) are given by [46-48]

Ay =—[c = f(2)]/7%,
Ayp =2+ (= 1)f()]/7,

Ay =—[222 +3c+ 32— 1)f(7)]/7*, (A1)
where the function f(7) is defined as
arcsin’,/7; <1
Je) = -1 {log%— iﬂ] 2; 7> 1. (42)
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