
ACFI-T16-01

The Diphoton Excess from an Exceptional Supersymmetric Standard Model
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In this paper we explain the diphoton excess in the invariant mass M ≈ 750 GeV, claimed by
the ATLAS and CMS collaborations at the run-2 LHC, as the signal of a scalar singlet in a string-
inspired exceptional supersymmetric standard model (ESSM). The scalar singlet might play a rule
in the spontaneous breaking of the U(1)′ gauge symmetry of the ESSM and couples to diphoton
and/or gluon pair with the help of exotic quarks and Higgs-like supermultiplets, which are contained
in the fundamental representation of the E6 group. The model might give rise to a large enough
production cross section at the LHC but can hardly fit with the wide width of the resonance except
in the strong couple regime.

INTRODUCTION

The discovery of the Higgs boson at the LHC has com-
pleted the story of the standard model (SM) of particle
physics, which is in spectacular agreement with almost
all experiments. But the SM can not be the final theory
because of many unsolved problems in the framework of
the SM, such as neutrino masses, dark matter and baryon
asymmetry (BAU). Recently, both the ATLAS [1] and
CMS [2] collaborations have observed a resonance of in-
variant mass 750 GeV at the run-2 LHC in the diphoton
channel. The significance is 3.6σ for the ATLAS and 2.6σ
for the CMS. If confirmed, it will be the first evidence of
new physics beyond the SM from collider experiments.
There are a bunch of interesting interpretations [3–43] of
the result as manifestations of various new physics. To
figure out which new physics is the best explanation of
the 750 GeV diphoton excess, one needs more data and
a higher luminosity.

The minimal supersymmetric standard model (MSSM)
is one of the most promising new physics beyond the
SM, because it provides solutions to the hierarchy prob-
lem, dark matter and gauge couplings unification. But
the MSSM suffers from the µ problem: if µ, the cou-
pling of the bilinear term HuHd in the superpotential,
equals to the planck mass, then electroweak symmetry
breaking does not occur. Besides, there is conflict be-
tween the 125 GeV Higgs boson and the strongly first
order electroweak phase transition [44], a necessary re-
quirement of generating the BAU via the electroweak
baryogenesis mechanism. One another compelling the-
oretical argument of new physics is the unification of the
SM gauge interactions with the gravity. An underlined
theory is the supergraivty, which might be an effective
low energy limit of the ten dimensional heterotic super-
string theory based on the E8×E′8 [45]. The compactifi-
cation of the extra dimensions leads to the breakdown
of E8 to E6 subgroup, leaving E′8 as the hidden sec-
tor that plays the key rule in the spontaneous break-
ing of the supergravity. Thus one naturally arrive at
a string inspired E6 supersymmetry model, referred to

as ESSM. At the GUT scale, E6 can be broken directly
into SU(3)c × SU(2)L ×U(1)Y ×U(1)ψ ×U(1)χ via the
Hosotani mechanism [46], where U(1)ψ and U(1)χ gauge
symmetries are defined as [47] E6 → SO(10) × U(1)ψ
and SO(10) → SU(5) × U(1)χ. Two extra gauge sym-
metries U(1)ψ × U(1)χ can be reduced to one gauge
symmetry U(1)′: U(1)′ ≡ sin θU(1)ψ + cos θU(1)χ. In
this case, the µ term is automatically forbidden by the
gauge symmetry. It can only be generated dynamically
by introducing a SM singlet S, coupling to Higgs super-
fields, λSHuHd, whose vacuum expectation value (VEV)
breaks the U(1)′ spontaneously. Besides it is easier to
get a heavy SM Higgs boson in ESSM comparing with
the MSSM case [49]. These two advantages make ESSM
more attractive than MSSM. The E6 inspired models
with U(1)′ have been extensively studied in Refs. [47–
56], of which the scenario U(1)N , under which right-
handed neutrinos have zero charge, was first highlighted
in Ref. [47]. It corresponds to sin θ =

√
15/4. The advan-

tage of this scenario is that active neutrino masses can
be naturally generated by the canonical type-I seesaw
mechanism.

In this paper we interpret the 750 GeV diphoton excess
observed at the run-2 LHC as one of the scalar singlets
S that triggers the spontaneous breaking of the U(1)N
gauge symmetry in the ESSM. S might be produced at
the LHC through the gluon fusion with exotic quarks
running in the loop, which are components of the funda-
mental 27 representation of the E6. The decay of S into
diphoton arises at the one-loop level, mediated by the ex-
otic quarks and Higgs-like supermultiplets. We find that
the observed cross section can be explained in this model
without conflicting with any experimental observations.
The wide width of S also might be derived in this model,
but only in the strong couple regime. Compared with
other well-studied ESSM scenarios, our model is differ-
ent in breaking the U(1)N with two scalar singlets. The
mass spectrum of the CP-even scalars, neutralinos and
exotic quarks in this model are generated.

The remaining of the paper is organized as follows: In
section II we describe our model briefly. In section III we
calculate mass spectrums. Section IV is devoted to the
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interpretation of the diphoton excess in this model. The
last part is concluding remarks.

THE MODEL

In this section, we give a brief introduction to the
ESSM studied in this paper, which is a modified ver-
sion of the one proposed in Ref. [47]. The model con-
tains an additional U(1)N gauge symmetry, and three
complete fundamental 27 representations of E6 in the
particle content so as to spontaneously cancel anomalies
of the U(1)N . The decomposition of the model under the
SU(5)× U(1)N takes the fom

27 → (10,
1√
40

)⊕ (5∗,
2√
40

)⊕ (5∗, − 3√
40

)

⊕(5, − 2√
40

)⊕ (1,
5√
40

)⊕ (1, 0), (1)

where the first and second terms in the brackets are
the SU(5) representation and U(1)N charge respectively.
The left-handed quark doublets, right-handed up-type
quarks and right-handed charged leptons are assigned
to the (10, 1/

√
40). The left-handed lepton doublets

and right-handed down-type quarks are assigned to the
(5∗, 2/

√
40). Two Higgs doublets as well as exotic quarks

D(D̄), transforming as (3(∗), 1, −1/3,−3(−2)) under the
SM gauge group, are assigned to the (5∗, − 3/

√
40) ⊕

(5, − 2/
√

40). (1, 5/
√

40) corresponds to scalar sin-
glets. Right-handed neutrinos are associated with (1, 0).
The renormalizable superpotential originates from the
the 27 × 27 × 27 decomposition of the E6 fundamen-
tal representation. It can be written as W ≡ W0 + W1,
with [47]

W0 = λijkS
iHj

uH
k
d + κijkS

iDjD̄k +WMSSM , (2)

W1 = gQijkD
i(QjQk) + gqijkD̄

idcjuck , (3)

where WMSSM is the superpotential of the MSSM except
the µ term. We have taken Di as diquark with baryon
number 2/3 when write down eq. (3). The superpoten-
tial contains too many irrelevant couplings, which can be
omitted by applying a slightly broken ZH2 symmetry to
the superpotential. Only S2, S3, H3

u, H
3
d are even, while

all other superfields are odd under the ZH2 symmetry.
Further assuming the Yukawa coupling of Sα has flavor
diagonal structure, the first two terms in the eq. (2) can
be simplified as

W0 3
3∑

α=2

3∑
i=1

Sα(λαiH
i
uH

i
d + καiD

iD̄i) . (4)

Actually one does not need to worry about the fla-
vor changing neutral current problems induced by the
Yukawa interactions of S2 and S3, because they only cou-
ple to beyond SM particles and the Higgs boson. Com-
paring with the conventional ESSM case, we have two

scalar singlets triggering the spontaneous breaking of the
U(1)N , which is the typical character of this model. The
particle contents of the model is listed in table. I.

Particles Q uc dc ` Ec Nc S Hu Hd D D̄√
40QN 1 1 2 2 1 0 5 -2 -3 -2 -3

TABLE I: Particle contents of the ESSM and their charges
under the U(1)N .

MASS SPECTRUM

The Higgs sector responsible for the U(1)N and the
electroweak symmetries breaking includes two Higgs dou-
blets H3

u, H3
d as well as two scalar singlets S2 and S3. We

assume there is no CP violation in the Higgs potential
and set λ ≡ λ33, λ̃ ≡ λ23, Hu ≡ H3

u, Hd ≡ H3
d , S ≡ S3

and S′ ≡ S2 for simplification. The general scalar poten-
tial takes the form V = VF + VD + Vs, where

VF = (λ2|S|2 + λ̃2|S′|2)(|Hu|2 + |Hd|2) +

λλ̃(S†S′ + S′†S)(|Hu|2 + |Hd|2) +

(λ2 + λ̃2)|HuHd|2. (5)

VD =
g2

2

2
|H†uHd|2 +

g2
1 + g2

2

8
(|Hu|2 − |Hd|2)2 +

g′2

2
[Q2

u|Hu|2 +Q2
d|Hd|2 +Q2

s(|S|2 + |S′|2)]2.(6)

Vs = M2
S |S|2 +M2

S′ |S′|2 +M2
u |Hu|2 +M2

d |Hd|2

+
√

2(λAλS + λ̃Aλ̃S
′)HuHd + h.c.. (7)

We have neglected loop corrections to the potential. The
VEVs of the Higgs fields are

〈Hu〉 =

(
0
vu√

2

)
, 〈S〉 =

vs√
2
, (8)

〈Hd〉 =

(
vd√

2
0

)
, 〈S′〉 =

vs′√
2
. (9)

The tadpole conditions can be written as

0 = (λvs + λ̃vs′)
2 + (λ2 + λ̃2)v2

d +
ḡ2

4
(v2
u − v2

d) + 2M2
u

+g′
2
Q2
u

∑
i

Q2
i v

2
i − 2

vd
vu

(λAλvs + λAλvs′) (10)

0 = (λvs + λ̃vs′)
2 + (λ2 + λ̃2)v2

u +
ḡ2

4
(v2
d − v2

u) + 2M2
d

+g′
2
Q2
d

∑
i

Q2
i v

2
i − 2

vu
vd

(λAλvs + λAλvs′) (11)

0 = λ(λvs + λ̃vs′)
v2
u + v2

d

2
+
g′

2
Q2
s

2

∑
i

Q2
i v

2
i

+M2
s vs − λAλvuvd (12)
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0 = λ̃(λvs + λ̃vs′)
v2
u + v2

d

2
+
g′

2
Q2
s

2

∑
i

Q2
i v

2
i

+M2
s′vs′ − λ̃Aλ̃vuvd (13)

where ḡ =
√
g2

1 + g2
2 , vu = v sinβ and vd = v cosβ

with v = 246 GeV from precision measurements.
Given the tadpole conditions, one might write down
the mass matrix of the CP-even Higgs in the basis
(ReHu, ReHd, ReS, ReS′), which takes the form


M2

11 M2
12 M2

13 M2
14

♠ M2
22 M2

23 M2
24

♠ ♠ M2
33 M2

34

♠ ♠ ♠ M2
44

 (14)

with

M2
11 =

v2
u

4
(ḡ2 + 4g′2Q4

u) +
vu
vd

(λAλvs + λ̃Aλ̃vs′)

M2
22 =

v2
d

4
(ḡ2 + 4g′2Q4

d) +
vd
vu

(λAλvs + λ̃Aλ̃vs′)

M2
33 =

λAλvuvd − λλ̃v2vs′

2vs
+ g′2Q4

sv
2
s

M2
44 =

λ̃Aλ̃vuvd − λλ̃v2vs
2vs′

+ g′2Q4
sv

2
s′

M2
12 =

[
g′2Q2

uQ
2
d + λ2 + λ̃2 − ḡ2

4

]
vuvd

−(λAλvs + λ̃Aλ̃vs′)

M2
13 = vu

[
g′2Q2

sQ
2
uvs + λ(λvs + λ̃vs′)

]
− vdλAλ

M2
14 = vu

[
g′2Q2

sQ
2
uvs′ + λ̃(λvs + λ̃vs′)

]
− vdλ̃Aλ̃

M2
23 = vd

[
g′2Q2

dQ
2
svs + λ(λvs + λ̃vs′)

]
− vuλAλ

M2
24 = vd

[
g′2Q2

dQ
2
svs′ + λ̃(λvs + λ̃vs′)

]
− vuλ̃Aλ̃

M2
34 = g′2Q4

svsvs′ +
1

2
λλ̃v2 .

The mass matrix in Eq. (14) can be diagonalized by
either the 4 × 4 unitary transformation or approximate
blog diagonalization. In this paper we assume λ̃ is tiny,
such that S′ mainly mix with the S. As will be seen in
the next section, ReS′ can explain the 750 GeV diphoton
excess observed at the run-2 LHC.

There is mixing between Z and Z ′ arising from
loop corrections and kinetic mixing. Phenomenologi-
cal constraints require the mixing angle to be less than
O(10−3) [47]. So the mixing can be neglected. The
mass eigenvalue of the Z ′ can be written as MZ′ ≈
g′Qs

√
v2
s + v2

s′ . The exotic quark masses arise from eq.

(4), MD
i

= (κ2ivs′ + κ3ivs)/
√

2. The mass matrix of
the superpartners of the exotic quarks come from the F-
terms and soft supersymmetry breaking terms, which, in

FIG. 1: Feynman diagram for the production of the reso-
nance at the LHC.

the interaction eigenbasis (D̃i,
˜̄Di), can be written as(

M2
D

i
+M2

D̃1
i

AiMDi
− 1

2vuvd(λκ3 + λ̃κ2)

♠ M2
D

i
+M2

D̃2
i

)
(15)

where M2
D̃1

i

is the soft mass and Ai is the trilinear cou-

pling from soft SUSY breaking Lagrangian.
The neutralino mass matrix, in the interaction basis

(B̃, W̃ , H̃0
d , H̃

0
u, S̃, S̃

′, B̃′), reads

M1 0 − 1
2g
′vd

1
2g
′vu 0 0 0

♠ M2
1
2gvd − 1

2gvu 0 0 0

♠ ♠ 0 −µE −λvu√
2
− λ̃vu√

2
Q̃dg

′vd

♠ ♠ ♠ 0 −λvd√
2
− λ̃vd√

2
Q̃ug

′vu

♠ ♠ ♠ ♠ 0 0 Q̃sg
′vs

♠ ♠ ♠ ♠ ♠ 0 Q̃sg
′vs′

♠ ♠ ♠ ♠ ♠ ♠ M ′1


where µE = (λvs + λ̃vs′)/

√
2, M1, M2 and M ′1 are the

soft gaugino masses of B̃, W̃ , B̃′ respectively. The top-
left 4×4 blog is the neutralino mass matrix of the MSSM
by replacing µ with µE . The chargino mass matrix is the
same as that in the MSSM.

DIPHOTON EXCESS

Both the ATLAS and CMS collaborations have ob-
served the diphoton excess at mγγ = 750 GeV, with the
cross section roughly estimated as σ(pp → R → γγ) ≈
5 ∼ 10 fb. According to Landau-Yang theorem [57, 58],
this new resonance can only be spin-0 or spin-2 states.
The gluon fusion or heavy flavor quark production of
the resonance at the LHC are favored because the run-
1 LHC did not see the excess clearly. In this section,
we explain the diphoton excess as the signal of a scalar
singlet in the ESSM. There are three fundamental scalar
singlets in the ESSM, two of them (S and S′) are respon-
sible for the spontaneous breaking of the U(1)N in our
model. They might be produced at the LHC through the
gluon fusion with the exotic quarks in the loop and decay
into diphoton mediated by the exotic quarks and Higgs-
like particles. The relevant feynman diagram is given in
Fig. 1. The cross section can be written as

σ(pp→ R→ γγ) =
Cgg
sM

Γ(R→ gg)BR(R→ γγ) (16)
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FIG. 2: Contours of the decay rate of Ŝ′ → gg in the κeff −
MD plane.

where Cgg is the partonic integral,
√
s is the center-of-

mass energy, M is the mass of the resonance. One has
Cgg ≈ 3163 [3] at

√
s = 13 TeV.

To fit the observed cross section, one needs to calculate
the decay rates of the resonance to the digluon and dipho-
ton. In the following study we assume the resonance is
Ŝ′, which is the mass eigenstate of S′. As can be seen
in the last section, both diquarks and their superpart-
ners contribute to Γ(S′ → gg). The diquarks mediated
loops dominate the contribution, while the contribution
of scalar loops are suppressed by the mixing angle that
diagonalizes the mass matrix in eq. (15). The decay rate
can then be written as

Γgg ≈
α2
sM

3

128π3

∣∣∣∣∣
3∑
i

ακ2i

MDi

f(τ)

∣∣∣∣∣
2

(17)

where α = 〈Ŝ′|S′〉, τ = 4m2
Di
/M2, αs = g2

s/4π, and the
function f(x) takes the form [59]

f(x) = −2x+ 2x(x− 1) arcsin2

[
1√
x

]
,

for x > 1. Similarly one can get the expression of
Γ(Ŝ′ → γγ). Both the diquarks and the Higgs-like par-
ticles contribute to this process. Again the scalar con-
tribution is suppressed by the mixing angle. The decay
rate takes the form

Γγγ ≈
α2
eM

3

1024π3

∣∣∣∣∣
3∑
i

(
2

3

ακ2i

MDi

f(τ1) +
2αλ2i

MH̃i

f(τ2)

)∣∣∣∣∣
2

(18)

where τ2 ≡ 4m2
H̃
/M2.

σ(gg→γγ)=10 fb

σ(gg→γγ)=6 fb

1 2 3 4 5

20

40

60

80

λeff

Γ
to
t

FIG. 3: The region in the λeff − Γtot plane that has σ(gg →
γγ) ∈ [3, 13] fb.

We show in Fig. 2 contours of Γgg in the κeff −MD

plane, where we have assumed that the exotic quarks
are degenerate with mass MD and couple to Ŝ′ with a
universal effective coupling κeff ≡ ακ2i. Apparently, one
needs a strongly coupled regime to derive a relatively
large Γgg. By setting Γgg = 0.75 GeV, which correspond
to κeff > 1.8 for MD > 375 GeV, the production cross
section of Ŝ′ at the run-2 LHC is about 7.28 pb. Notice
that MD � M/2 is not favored, because the total rate
of Ŝ′ will be too large in this case.

We show in Fig. 3 the region in the λeff−Γtot plane that
has σ(gg → γγ) ∈ [3, 13] fb, by further assuming super-
partners of Higgs-like particles are degenerate and have
universal coupling, λeff , with Ŝ′. The solid and dashed
lines correspond to σ(gg → γγ) = 10 fb and 6 fb respec-
tively. We have set κeff = 2 and MD = MH̃ = 380 GeV
when making the plot. The best fit width of the reso-
nance is about 45 GeV. In this model, one needs λeff ∼ 4
to get the best-fit width, which is very unnatural. As a
conclusion, the model can hardly fit with the suggested
width of the resonance. If the width is confirmed to be
wide in the future, the model could be ruled out. In
other words, if the ESSM could explain the diphoton ex-
cess, one needs to figure out the decay channels and the
total rate of the resonance. In ESSM it might decay into
superpartners of exotic quarks, H1,2

u and H1,2
d as well as

SM particles through the mixing with the SM Higgs. We
leave the systematic study of the decays of Ŝ′ to a longer
paper.

Finally let us check constraints on the model from the
run-1 LHC at

√
s = 8 TeV. The upper bounds at the

95% confidence level on cross sections of various final
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states produced from a resonance with M = 750 GeV
and Γ = 45 GeV, are given as σ · BR(ZZ) < 12 fb [60],
σ · BR(hh) < 39 fb [61], σ · BR(tt̄) < 550 fb [62] and
σ · BR(jj) < 2.5 pb [63]. The first three cross sections
put constraint on the mixing between the new resonance
and the SM Higgs, which was already studied in many
references. It corresponds to a small λ̃ in our scenario.
Here we only check the constraint of the dijet searches,
which gives a upper limit to the ratio r ≡ Γgg/Γγγ and
has r < 1300 [3]. For our case, r ∈ (50, 400) as λeff varies
from 1 to 5 for κeff = 2 and MD = MH̃ = 380 GeV, which
are the benchmark inputs of Fig. 3. Thus this constraint
is satisfied in this model.

CONCLUSION

An excess in the diphoton channel with invariant mass
mγγ = 750 GeV has been observed by the ATLAS and
CMS collaborations. If confirmed, it will be a hint of
new physics beyond the SM. In this paper we explain
this resonance as the scalar singlet from a string-inspired
exceptional supersymmetric standard model. The model
we studied contains a U(1)N gauge symmetry, of which
right-handed neutrinos carry no charge, and three elec-
troweak singlets. The singlets couple to the exotic quarks
and Higgs-like supermultiplets which are contained in the
fundamental representation of the E6, resulting in effec-
tive couplings of the singlets with diphoton and gluon-
pair by integrating out new particles. Although both
fermions and their superpartners contribute to the effec-
tive couplings, we claimed that the scalar contributions,
which are suppressed by the mixing angles diagonalizing
scalar mass matrices, are negligible. The model turns
out might produce the observed cross section, but can
hardly fit with the wide width of the resonance. We ex-
pect the future running of the LHC shows us more clear
hints of the resonance, which might approve or rule out
our model.

The author thanks to Huai-ke Guo, Ran Huo, Hao-lin
Li, Grigory Ovanesyan and Jiang-hao Yu for very helpful
discussions. This work was supported in part by DOE
Grant de-sc0011095.
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