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The recent diphoton excess signal at an invariant mass of 750 GeV can be interpreted in the framework
of left-right symmetric models with additional scalar singlets and vector-like fermions. We propose a
minimal scenario for such a purpose. Extending the LRSM framework to include these new vector-like
fermionic fields, on the other hand, results in interesting phenomenological implications for the LRSM
fermion masses and mixing. Furthermore, existence of such vector-like fermions can also have interesting

implications for baryogenesis and the dark matter sector. The introduction of a real bi-triplet scalar which
contains a potential DM candidate will allow the gauge couplings to unify at ~ 10'7-7 GeV.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The CMS and ATLAS Collaborations have recently reported a
roughly 30 excess in the diphoton channel at an invariant mass
of about 750 GeV in the first 3 fb~! of collected data from Run 2
of the LHC at 13 TeV [1,2]. The Landau-Yang theorem forbids the
possibility of a massive spin one resonance decaying to yy. The
leading interpretations of the excess within the context of new
physics scenarios therefore consist of postulating a fundamental
spin zero or spin two particle with mass of about 750 GeV. How-
ever no enhancements have been seen in the dijet, tf, diboson or
dilepton channels posing a clear challenge to the possible inter-
pretations of this excess. The absence of a peaked yy angular
distribution in the observed events towards the beam direction
disfavours [3] the spin two hypothesis and the spin zero resonance
interpretation seems more favourable from a theoretical point of
view.

A large number of interpretations of the diphoton signal in
terms of physics beyond the Standard Model have been proposed
in the literature [4-136]. One of the possibilities that has been
largely explored in the literature is a scalar or pseudo-scalar res-
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onance produced through gluon-gluon fusion and decaying to yy
via loop diagrams with circulating fermions or bosons. A new res-
onance coupling with the Standard Model (SM) t quark or W+
can give rise to such loop diagrams, however, they will be highly
suppressed at the large yy invariant masses and the dominant
decay channel would have to be tf or WTW~. Hence the obser-
vation of the yy resonance at 750 GeV (much greater than the
electroweak symmetry breaking scale) hints towards the existence
of vector-like fermions around that mass scale. Given that both the
ATLAS and CMS Collaborations have suggested signal events con-
sistent with each other at a tempting 3o statistical significance
level, hinting towards a new physics scenario, it is important to
explore the possible model framework that can naturally accom-
modate such vector-like fermions.

From a theoretical stand point, a framework that can explain
the diphoton excess while being consistent with other searches for
new physics is particularly intriguing. To this end, one must men-
tion the results reported by the CMS Collaboration in the first run
of LHC for the right-handed gauge boson Wy search at /s = 8 TeV
and 19.7 fb~! of integrated luminosity [137]. A 2.80 local excess
was reported in the eejj channel in the energy range 1.8 TeV <
Meejj < 2.2 TeV, hinting at a right handed gauge counterpart of the
SM SU(2); broken around the TeV scale. The Left-Right Symmet-
ric Model (LRSM) framework with gg # g; can explain such signal
with the possibility of being embedded into a ultraviolet complete
higher gauge group [138-141]. It is thus an interesting exercise to
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explore the possibility of naturally accommodating the yy excess
also in such a framework.

In this paper, we explore the possibility of extending the stan-
dard LRSM framework with vector-like fermions and singlet scalars
which can explain the diphoton signal. Adding such new vector-
like fermionic fields, on the other hand, results in interesting phe-
nomenological implications for the LRSM fermion masses and mix-
ing. Moreover, existence of such vector-like fermions can have in-
teresting implications for baryogenesis and the potential dark mat-
ter sector. In gauged flavour groups with left-right symmetry [142]
or quark-lepton symmetric models [143], vector-like fermions are
naturally accommodated while in LRSMs originating from D-brane
or heterotic string compactifications also often include vector-like
fermions [144,145]. We propose a minimal LRSM that hosts such
vector-like fermions and which can explain the diphoton signal.
We also explore the possible fermion masses and mixing phe-
nomenology and the implications of these vector-like particles in
baryogenesis and the dark matter sector.

The plan of rest of this paper is as follows. In section 2, we
discuss the LRSM accommodating new vector-like fermions and
the implications on masses and mixing of the fermions. In sec-
tion 3, we discuss the general aspects of the diphoton signal in the
context of a scalar resonance decaying to ¥y through circulating
vector-like fermions in the loop. In section 4, we explore the pos-
sibility of obtaining a gauge coupling unification including the new
vector like fields. In section 5, we discuss the implications of the
vector-like fermions for baryogenesis and the dark matter sector.
In section 6, we summarize and make concluding remarks.

2. Left-right symmetric model framework

The left-right symmetric extension of the SM has the basic
gauge group given by

GLr=SUB)c x SUR)L x SUR)g x U(M)p—1, ()

where B — L is the difference between baryon and lepton number.
The electric charge is related to the third component of isospin in
the SU(2). r gauge groups and the B — L charge as

Q =Tz +T3r +1/2(B - 1L). (2)

The quarks and leptons transform under the LRSM gauge group as

urp 1 193 1
= =[2,1,=,3], = =[1,2, =, 3],
qr (dL) [ 3 I ar <dR> [ 3 ]
EL=<VL>E[2,]7_],1]7 ER=<vR)E[172!_1?1]7
er €eRr

where the gauge group representations are written in the form
[SU®2)L,SUQ2)r, B—L,SUB3)c].

Originally the left-right symmetric extension of the SM
[146-151], was introduced to give a natural explanation for parity
violation seen in radioactive beta decay and to consistently ad-
dress the light neutrino masses via seesaw mechanism [152-156].
The latter form doublets with the right handed charged fermions
under the SU(2)r gauge group. If SU(2)g breaks at around the TeV
scale, LRSMs offer a rich interplay between high energy collider
signals and low energy processes such as neutrinoless double beta
decay and lepton flavour violation [157]. The principal prediction
of this scenario is a TeV scale right-handed gauge boson Wg. The
CMS and ATLAS Collaborations had reported several excesses at
around 2 TeV in Run 1 of the LHC, pointing towards such a possi-
bility. From the first results of Run 2, no dijet and diboson excesses
have been reported (more data is required to exclude the diboson
excesses reported in run 1), the relatively “cleaner” eejj channel

Table 1

LRSM representations of extended field content.
Field SU®2); SUQ)gr B—L SUQB)c
qL 2 1 1/3 3
qr 1 2 1/3 3
153 2 1 -1 1
R 1 2 -1 1
ULr 1 1 4/3 3
Dir 1 1 -2/3 3
Erg 1 1 ) 1
Nep 1 1 0 1
Hp 2 1 1 1
Hg 1 2 1 1
S 1 1 0 1

signal is still present hinting at a 2 TeV Wk. In light of the dipho-
ton excess it is important to revisit the LRSM framework to explore
the possibility of accommodating such signal and the possible im-
plications.

As already mentioned in the introduction and discussed in sec-
tion 3, the 750 GeV diphoton excess can be explained through the
resonant production and decay of a scalar or pseudoscalar particle.
To this end, we propose a simple left-right symmetric model with
a scalar singlet S and vector-like fermions added to the minimal
particle content of left-right symmetric models.'

We extend the standard LRSM framework to include isosin-
glet vector-like copies of LRSM fermions. This kind of a vector-like
fermion spectrum is very naturally embedded in gauged flavour
groups with left-right symmetry [142] or quark-lepton symmet-
ric models [143]. The field content of this model and the relevant
transformations under the LRSM gauge group are shown in Table 1.

The relevant Yukawa part of the Lagrangian is given by

L==) (hsxxSXX + MxXX)
X

— (AEHLGLUR + AR HRgrU,

+A5HG DR + Af Hrqr D1

+ALH € ER + ARHRERE,

+ AL HLENR + AR AR RN +h.c), (3)

where the summation is over X = U,D,E,N and we suppress
flavour and colour indices on the fields and couplings. I:IL,R de-
notes T HJ , where 7 is the usual second Pauli matrix.

The vacuum expectation values (VEVs) of the Higgs doublets
Hr(1,2,—1) and H; (2,1, —1) break the LRSM gauge group to the
SM gauge group and the SM gauge group to U(1)gy respectively,
with an ambiguity of parity breaking, which can either be bro-
ken at the TeV scale or at a much higher scale Mp. In the latter
case, the Yukawa couplings can be different for right-type and
left-type Yukawa terms because of the renormalization group run-
ning below Mp, A% £ 2%. Hence, we distinguish the left and right
handed couplings explicitly with the subscripts L and R. We use
the VEV normalizations (H;) = (0, v;)T and (Hg) = (0, vg)T with
vy =175 GeV and vy constrained by searches for the heavy right-
handed Wy boson at colliders and at low energies, vg > 1 —3 TeV
(depending on the right-handed gauge coupling). Due to the ab-
sence of a bidoublet Higgs scalar, normal Dirac mass terms for the
SM fermions are absent and the charged fermion mass matrices
assume a seesaw structure. However, if one does not want to de-

T We assume the resonance to be a new singlet scalar and it can easily be gener-
alized to a pseudoscalar case.
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pend on a “universal” seesaw structure, a Higgs bidoublet ® can
be introduced along with Hy g.

After symmetry breaking, the mass matrices for the fermions
are given by

0 Abvg 0 Apve
Myy = v . Map= b ,
uu <)»LR]VR My ) db <)»EVR Mp

0 kv, 0 Afve

Meg = E"%), Myy= N"5). 4

eE <k§VR Mg ) vN (AIISIVR My ( )
The mass eigenstates can be found by rotating the mass matrices
via left and right orthogonal transformations OL'R (we assume all
parameters to be real). For example, the up quark diagonalization
yields O} - Myy - OR = diag(ify, My). Up to leading order in A vy,
the resulting up-quark masses are

N N kv (Evg)
My ~ /M + (WBvp)2, iy~ % (5)
U

and the mixing angles QLL,'R parametrizing Ob‘R ,

205 v My
M{ + (hfve)?

_205vR)My_
MZ — (AR vg)?
The other fermion masses and mixings are given analogously. For
an order of magnitude estimate one may approximate the phe-
nomenologically interesting regime with the limit ASVR — My in
which case the mixing angles approach 65 — i, /My and 65 —
7t /4. This means that Gle is negligible for all fermions but the top
quark and its vector partner [90].

We here neglect the flavour structure of the Yukawa couplings
)&’R and Asxx which will determine the observed quark and lep-
tonic mixing. The hierarchy of SM fermion masses can be gen-
erated by either a hierarchy in the Yukawa couplings or in the
masses of the vector like fermions.

As described above, the light neutrino masses are of Dirac-type
as well, analogously given by

tan(26};) ~ tan(268) ~ (6)

. AL AR VLVR

= N-N"- % (7)
Mn

It is natural to assume that My > vg, as the vector like N is a

singlet under the model gauge group. In this case, the scenario

predicts naturally light Dirac neutrinos [142].

3. Diphoton signal from a scalar resonance

One may attempt to interpret the diphoton excess at as the res-
onant production of the singlet scalar S with mass Ms = 750 GeV.
Considering the possible production mechanisms for the resonance
at 750 GeV it is interesting to note that the CMS and ATLAS did not
report a signal in the ~ 20 fb~! data at 8 TeV in Run 1. One pos-
sible interpretation of this can be that the resonance at 750 GeV
is produced through a mechanism with a steeper energy depen-
dence. Excluding the possibility of an associated production of this
resonance, the most favourable mechanism is gluon-gluon fusion
which we here also consider as the dominant production mecha-
nism. Subsequently, the scalar with mass 750 GeV decays to two
photons via a loop as well. The cross section can be expressed as

C
) (8)

o(pp—>yy)= Mss

with the proton centre of mass energy /s and the parton dis-
tribution integral Cgg = 174 at /s =8 TeV and Cge = 2137 at
/s =13 TeV [14]. One can obtain a best fit guess of the cross
section by reconstructing the likelihood, assumed to be Gaussian,

from the 95% C.L. expected and observed limits in an experimen-
tal search. For the diphoton excess, we use a best fit cross sec-
tion value of 7 fb found by combining the 95% C.L. ranges from
ATLAS and CMS at 13 TeV and 8 TeV for a resonance mass of
750 GeV [14].

Apart from the necessary decay modes of the scalar S ie,
S— ggand S — yy, S may also decay to other particles; due to
the necessary SM invariance and the fact that Ms >myz, S — yy
necessitates the decays S — yZ and ZZ which are suppressed by
2tan? 6y ~ 0.6 and tan* Ay, 2 0.1 relative to I'(S — yy) [14]. Fur-
thermore, S in our model may also decay to SM fermions due to
mixing with the heavy vector-like fermions. As described above,
the mixing is only sizeable for the top and its vector partner. The
total width is thereby given by I's ~ T'gg + 1.7 x ')y, + I'5.

We would like to stress that while the diphoton resonance un-
doubtedly is the motivation behind this work, the purpose of this
paper is to construct a consistent LRSM framework that can natu-
rally accommodate vector-like fermions taking the diphoton signal
as a hint and explore the consequent phenomenology. One can find
similar interpretations of the diphoton excess in [90,118,119] in
models with a singlet scalar accompanied by vector-like fermions.

Production of a scalar resonance in gluon fusion via a loop of
vector-like quarks and subsequent decay of scalar resonance to yy
via a loop of vector-like quarks and leptons. There are contribu-
tions to I'(S — yy) from quark-like vector fermion yq = U, D
and lepton-like vector fermion v, = E propagating inside the loop.
Apart from quark-like vector fermion contributing to the produc-
tion of scalar through gluon fusion, there could be another top-
quark mediated diagram via mixing with SM Higgs boson.

In the LRSM framework discussed in section 2, the vector-like
degrees of freedom contribute to the loop leading to S — gg and
S — yy. The partial decay widths are given by [17]

2
23 Cn2 2
ro. = 4" Ms ZNXQX)‘ISXXA ms
YY" 25673 ~ My amz )|
2
AV E] C / 2
aiM A m
Pgg=K-2—-3 1) XX g = 9
88~ " 12873 XX: My~ \ 4M? ®)

Here, the sums in I'y,, and I'gg are over all and coloured fermion
species and flavours, respectively. N)C( is the number of colour
degrees of freedom of a species, i.e. 1 for leptonic vector-like
fermions and 3 for quark-like fermions. Similarly, Q x is the elec-
tric charge of the species. The effective coupling of S to a fermion
species is Ay = Asxx (0%)1x(0%)1x, Le. the coupling Asxx dressed
with the corresponding left and right mixing matrix element. The
value of the parameters o ~ 1/127, a5~ 0.1 and K ~ 1.7 [17] in
which A(x) is a loop function defined by

2
A(x):x—z[x+(x—l)f(x)], (10)
with
arcsin? /x x<1
= 11
T —}l[ln(tﬁ)—inr x> 1. (an

In addition, the decay of S to a pair of fermions (here only
relevant for the top) is given by
Cyr2 2\ 2/3
7_Nf)hxffM5 _4Mf
.= 1
s 167 M2

(12)

In order to arrive at an estimate for the diphoton production
cross section, we assume that the vector fermion masses and cou-
plings to S are degenerate (My, Asxx), except for the top partner
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(M7, Asrr). In the limit of large vector fermion masses Mx = Ms/2,
we arrive at the approximation for the partial widths,

r Asxx - TeV'\ 2
#~1.3x10—4<L> ,

s Mx

r AsxxTeV') 2

VY ~34%x1077 Asxx 1€V i

Mg My

T ArxcTeV ) 2

T~ 131073 (%) . (13)
S T

As discussed in [14] in a model-independent fashion, the diphoton
excess can be explained for 1076 < Fgg/Ms S2 % 103 (the upper
limit is due to the limit from dijet searches) and I"y), /Mg ~ 1076,
as long as gg and yy are the only decay modes of S. In order to
achieve this, the top partner T needs to have a significantly weaker
coupling or heavier mass than the rest of the vector fermions. As-
suming the decay width to tf contributes negligibly to the total
width, the diphoton cross section, Eq. (8) is

(14)

Asxx - TeV 2
Mx '

o(pp—>w)~1.7fb-(

The experimentally suggested cross section o(pp — yy) ~ 7 fb
can be achieved with Mx /Asxx & 0.5 TeV (and ['gg/Ms ~ 5 x 1074
satisfying the dijet limit). In such a scenario, the total width of S
is of the order I's ~ 0.5 GeV, i.e. much smaller than the 45 GeV
suggested by ATLAS if interpreted as a single particle resonance.
I'yy / Tgg can also be independently boosted by introducing a hier-
archy with leptonic partners lighter than the quark partners. While
certainly marginal and requiring a specific structure among the
vector fermions, this demonstrates that the diphoton excess, apart
from the broad width seen by ATLAS, can be accommodated in our
model.

4. Gauge coupling unification

In the previous section, we have discussed how the inclusion of
new vector-like fermions in LRSM can aptly explain the diphoton
excess traced around 750 GeV at the LHC. Interestingly this frame-
work can also be embedded in a non-SUSY grand unified theory
like SO(10) having left-right symmetry as its only intermediate
symmetry breaking step with the breaking chain given as follows

5010) = Gaorzp 8 613 T Gy, (15)
The SO(10) group breaks down to left-right symmetric group
Gao13p =SUR)L x SURR)gr x U(1)g_ x SU(3) x P via a non-zero
VEV of ¥ C 210y. Here, P is defined as the discrete left-right
symmetry, a generalized parity symmetry or charge-conjugation
symmetry. The vital step is to break the left-right gauge symmetry
and this is attained with the help of the right-handed Higgs dou-
blet Hg. Finally, the SM gauge group is spontaneously broken by
its left-handed counterpart H;. As described above we add another
scalar singlet S in order to explain the diphoton signal though it
is not contributing to the renormalization group (RG) evolution of
the gauge couplings.

In addition to the particle content described in Table 1, we in-
clude a bi-triplet n = (3, 3,0, 1) under G»»13p to achieve successful
gauge unification. This can be confirmed by using the relevant RG
equation for the gauge couplings g;,

PR T
o 16mx2°Y’

(16)

10 12 14 16 1819
Log, [u/GeV]

Fig. 1. Gauge coupling running in the considered model accommodating the
diphoton excess, demonstrating successful gauge unification at the scale Mcyr =
101775 GeV with an intermediate left-right symmetry breaking scale at 10 TeV. The
dashed lines correspond to one loop RGE of gauge couplings while the two loop ef-
fects are displayed in solid lines.

where the one-loop beta-coefficients b; are given by

11 2
bi=—5C(G) +5 D TR dj(Rp)
Ry JA#
1
+§ZT(RS)de(Rs)- (17)
Rs J#i

Here, C,(G) is the quadratic Casimir operator for gauge bosons in
their adjoint representation,

N if SU(N),
C(6) = . (18)
0 ifu().
T(Ry) and T(R;) are the traces of the irreducible representation
Ry s for a given fermion and scalar, respectively,

1/2 if Ry s is fundamental,
T(Rys)= (N ifRfisadjoint, (19)
0 ifuQ),

and d(Ry s) is the dimension of a given representation Ry ¢ under
all SU(N) gauge groups except the i-th gauge group under con-
sideration. An additional factor of 1/2 should be multiplied in the
case of a real Higgs representation. Using the above particle con-
tent, the beta-coefficients at one loop are found to be by; = —19/6,
by =41/10, b3c = —7 from the SM to the LR breaking scale and
bz)_ = b2R = —13/6, bgl_ = 59/6, b3c = —17/3 from the LR break-
ing scale to the GUT scale. We have also evaluated the two loop
contributions which give a very marginal deviation over one loop
contributions. The resulting running of the gauge couplings at one
loop and two loop orders are shown in Fig. 1 with the breaking
scales

5. Implications for baryogenesis and dark matter

The vector-like fermions added to the spectrum of the LRSM
framework can have very profound implications for a baryogenesis
mechanism such as leptogenesis and the dark matter sector. While
the proposal of high scale leptogenesis via singlet heavy Majorana
neutrinos (or a heavy Higgs triplet) decay added to the SM is be-
yond the reach of the present and near future collider experiments,
the LRSM scenario provides a window of opportunity for low TeV
scale leptogenesis testable at the LHC. However, the observation of
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a 2 TeV Wpg boson at the LHC, through confirmation of the 2.80
signal of two leptons and two jets reported by the CMS Collabo-
ration, would rule out the possibility of high scale as well as TeV
scale resonant leptogenesis with the standard LRSM fields due to
the unavoidable fast gauge mediated B — L violating interactions
[158-165].

On the other hand, the new vector-like fermions added to the
LRSM to accommodate the diphoton excess can open a whole new
world of possibilities. A particularly interesting possibility is the
realization of baryogenesis and dark matter annihilation through a
vector-like portal first explored in [166]. As an example, consider
the following additional terms in the Lagrangian,

LD —(uxuXigUp +hc) —m%XTX — ax(XTX)?
— anxHTHXTX, (21)

where X is an inert doublet (a singlet complex) dark matter scalar
field in the LR(SM) case. X is charged under some exotic global
U(1)y symmetry, under which only the vector-like quarks and
dark matter fields transform non-trivially. Thus, the introduction
of a vector-like quarks can connect the dark matter to the usual
LR(SM) quarks, which can be readily used to make a connection
between the baryon asymmetry and dark matter, as pointed out
in [166]. In rest of this section we focus on sketching the sim-
pler case of the extended SM which can be expanded to the LRSM
case by replacing the singlets with appropriate doublet representa-
tions. However, in the case of the LRSM some subtleties are present
and we comment on them towards the end of this section. On the
other hand, this idea can easily be generalized to accommodate a
down-type quark portal or charged lepton portal (corresponding to
a leptogenesis scenario of baryogenesis).

The basic idea behind the vector-like portal is to generate an
asymmetry in the vector-like sector through baryogenesis, which
then subsequently gets transferred to the SM baryons and the dark
matter sector through the renormalizable couplings in Eq. (21). In
addition one can introduce a scalar field Y with the couplings

LD — (hyyYvgvg +hc) —m2YTY — 1y (YTY)?
—axyXTXxyTy, (22)

which allows the annihilation of a pair of X into Y fields. The lat-
ter can subsequently decay into two singlet right handed neutrinos
ensuring the asymmetric nature of the dark matter X relic den-
sity for a large enough annihilation cross section. Now turning to
the question of how to generate the primordial asymmetry in the
vector-like sector which defines the final dark matter asymmetry
and baryon asymmetry, let us further add two types of heavy di-
quarks with the couplings

LA, AuULUL +2aug AyURUR + ApgAgdrdr
+ Ay AuAgAgx +hec., (23)

where Ay : (E_i,l,—4/3), Ag: (6,1,2/3) and the field x breaks
the local U(1), symmetry under which X and U have non-trivial
charges denoted by q, (U) and g (X). For the SM fields this charge
is simply B — L, which right away gives g, (A4) = —2/3. The rest
of the charges are determined in terms of the free charge q, (U),

Ay (Au) = =29, (U), qx(X) =2q,(U) +4/3,

qx (X) =1/3 —qx (U). (24)

In order to forbid the dangerous proton decay induced by the op-
erators O = X2, 5%, X252, X4, S% [167], one needs to satisfy the
condition

qx (O) #n(2qy (U) +4/3),

From Eq. (23) it follows that after y acquires a VEV to break the
U(1), symmetry, Ay, has the decay modes

wheren=0, 41,42, ... (25)

Ay — ASA; Ay — UL, (26)

and a CP asymmetry (between the above modes and their con-
jugate modes) can be obtained by interference of the tree level
diagrams with one loop self-energy diagrams with two generations
of A,. Finally, the asymmetry generated in the vector-like quarks
gets transferred to the dark matter asymmetry and baryon asym-
metry via the Axy term in Eq. (21). This mechanism gives a ratio
between the dark matter relic density and the baryon asymmetry
given by

QDM/mx . 79

= (27)
Qp/M, 28

and in this model a dark matter mass my ~ 2 GeV. A typical pre-
diction of this model is neutron-antineutron oscillations induced
by the up-type and two down-type diquarks through the mixing
of vector-like up-type quarks with the usual up quarks. However,
such oscillations will be suppressed by the mixing.

One can similarly construct a leptogenesis model involving
vector-like charged leptons. In case of the LRSM a generalization
of the above scheme is straightforward; however, the lepton num-
ber violating gauge scattering processes involving a low scale Wg
can rapidly wash out any primordial asymmetry generated above
the mass scale of Wg. In fact, some of these gauge processes can
continue to significantly reduce the generation of lepton asym-
metry below the mass scale of Wg, thus the vector-like quark
portals seem to be more promising in this case. Other alterna-
tives include mechanisms like neutron-antineutron oscillation or
some alternative LRSM scheme such as the Alternative Left-Right
Symmetric Model [168] where the dangerous gauge scatterings can
be avoided by means of special gauge quantum number assign-
ments of a heavy neutrino [169]. Also note that, in general, one
can utilize the singlet neutral vector-like lepton as a dark matter
candidate by ensuring the stability against decay into usual LRSM
fermions. Finally, the real bi-triplet scalar field n introduced to
achieve successful gauge unification can also be a potential dark
matter candidate.

In passing, we would like to mention that attempts have been
made in the literature to address the broadness of the resonance
using an invisible component of the scalar width. This in turn gives
a large monojet signal which has been constrained from run-1
monojet searches at ATLAS [170] and CMS [171], see for exam-
ple Ref. [39]. However, the monojet search data seems to disfavour
the required rates to explain the broadness of the resonance. In
our model, S can couple to XX' and YYT etc. leading to de-
cay of S into them, which produces missing energy final state.
This mode can be constrained from monojet searches as long as
Mx y < Ms/2. Even without the scalar S being directly coupled
to X's, its decay can produce a pair jets and X’s via the Axy cou-
pling term in Eqn. (21), which can again be constrained using dijet
searches at ATLAS and CMS. In the discussion above we assume
that these constrains are respected if Mx y < Ms/2. While for the
case Mxy > Ms/2, the monojet and the dijet constraints are no
longer applicable since in this case S will decay via a loop of
X(Y)’s.

6. Conclusions
We have considered a unified framework to explain the recent

diphoton excess reported by ATLAS and CMS around 750 GeV. The
addition of vector-like fermions and a singlet scalar S to LRSM but
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without a scalar bidoublet explains the fermion masses and mix-
ing via a universal seesaw mechanism. The diphoton signal with
o(pp — S — yy)~4—12 fb can be explained in this model with
TeV scale vector fermions. The broad width suggested by the ATLAS
excess cannot be understood, though.

We successfully embed this model within an SO(10) GUT
framework by introducing a real bi-triplet scalar. This additional
scalar, which contains a potential DM candidate, allows the gauge
couplings to unify at the scale 1017-7 GeV. We also discuss further
possibilities in this class of LRSM models with vector-like fermions
for mechanisms of baryogenesis and DM.
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