750 GeV Diphoton Excess from Cascade Decay
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Motivated by the recent 750 GeV diphoton excess observed by the ATLAS and CMS collaborations, we propose a simplified model to explain this excess. Model-independent constraints and pre-
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dictions on the allowed couplings for generating the observed diphoton excess are studied in detail,
and the compatibility between Run 1 and Run 2 data is considered simultaneously. We demonstrate
that this scenario can be tested by the possible four-photon signal or the W W/ZZ/Zγ resonances,
and also explain the interesting deviation for a diphoton mass of about 1.6 TeV by ATLAS, where the
local significance is 2.8 σ. Meanwhile, this scenario also provides us with the dark matter candidates,
which is consistent with the observed dark matter relic density.

I.

INTRODUCTION

Very recently, both the ATLAS and CMS collaboration have released the consistent data on diphoton
excess around 750 GeV at the 13 TeV LHC. The local statistical significance at ATLAS (with 3.2 fb−1 ) is
3.9 σ and the local statistical significance at CMS (with 2.6 fb−1 ) is 2.6 σ. The diphoton excess in the terms
of cross section can be roughly estimated as [1–4]
σexcess = (10 ± 3) fb (at 13 TeV ATLAS),

(1)

σexcess = (6 ± 3) fb (at 13 TeV CMS).

(2)

This experiment immediately attracts extensive studies [5–46], and the most direct explanation is that there
exists a 750 GeV boson decaying into two photons, which is often constrained severely by the LHC Run-1
data.
However, another interesting diphoton excess at Mγγ ∼ 1.6 TeV is usually ignored. Its local statistical
significance is about 2.8 σ [1], which is even higher than the 750 GeV excess with 2.6 σ at the CMS [3].
∗
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Thus, there may also exist a 1.6 TeV boson, which may be produced via gluon fusion channel, and can also
decay to diphoton.
Incorporating both the 750 GeV and the 1.6 TeV diphoton excess, we propose a natural interpretation
by assuming that a much more heavier particle, which is produced by gluon fusion, decays to the 750
GeV boson. Then the 750 GeV boson sequentially decays to diphoton 1 , but it can not interact with gluon
and quarks. Therefore, in this cascade decay scenario, the constraints from the 8 TeV LHC can be easily
avoided, since the production rate of the heavier particle is highly suppressed by the relative low center-ofmass (c.m.) energy. As for the decay channels of the 750 GeV boson, we firstly investigate the most simplest
case: the 750 GeV boson can only couple to the photon or an invisible particle. And the dominant decay
channel is the invisible decay, which can naturally provide the dark matter (DM) candidate; the second
decay channel is the diphoton channel. As a result, the diphoton excess can be explained by the γγ +
missing transverse energy (MET) production, where the MET is too small to be observed in the experiment
by choosing appropriate parameters. This scenario also predicts the existence of four-photon signals at high
luminosity LHC and the 1.6 TeV diphoton signals, which can be tested in the future. For completeness,
we also discuss the interactions of the 750 GeV new boson with the Z boson and W boson. The allowed
parameter spaces and the predicted signals are given for different cases.
This paper is organized as follows. In section II, we present the effective Lagrangian and perform the
general discussions, which can explain the 750 GeV diphoton excess and the 1.6 TeV diphoton signatures.
In section III, the detailed discussions for the case without W or Z boson is given. In section IV, the cases
including W or Z boson are also discussed for integrity. Finally, we conclude in section V.

II.

THE EFFECTIVE LAGRANGIAN

Instead of investigating the diphoton excess in a concrete UV-complete theory (such as some modified composite Higgs model), which is not easy to make clear predictions originating from large sets of
undetermined model parameters, we take a bottom-up approach to explain the diphoton excess using the
effective field theory. Thus, we begin our investigation on the diphoton excess from the following effective
Lagrangian:

cRgg b bµν
cRB
cRW
G G R+
Bµν B µν R +
Wµν W µν R + cRSS Λ3 RSS
Λ1 µν
Λ2
Λ2
cSB
cSW
+
Bµν B µν S +
Wµν W µν S + cSAA Λ5 AAS.
Λ4
Λ4

Leff =

1

(3)

Although the new bosons can be spin-0 or spin-2, we only investigate the scalar boson resonances in this paper for simlicity.
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where Bµν , Wµν and Gbµν represent the Standard Model (SM) U (1)Y , SU (2)L and SU (3)c field strength
tensor, respectively. S is a scalar field with its mass MS = 750 GeV. R is another very heavy scalar field,
which can decay to S. If the mass of R is much heavier than 750 GeV, the constraints from the 8 TeV
LHC data [47] can be naturally evaded. We set the default mass of the particle R as MR = 1.6 TeV, which
corresponds to the second rensonance in ATLAS experiment [1]. Since the information of this excess is
little now, we assume the width of R to be less than 100 GeV. Particle A is an invisible stable scalar field,
which can be recognized as a DM candidate. In general, both R and S can interact with Bµν and Wµν .
After electroweak symmetry breaking, R and S can couple with photon, Z and W bosons, that is why
there exists diphoton excess at 750 GeV and 1600 GeV. cRgg , cRSS , cRB , cRW , cSB , cSW and cSAA are the
dimensionless couplings and Λ1 , Λ2 , Λ3 , Λ4 , Λ5 , Λ6 are the dimension-1 energy scales. For simplicity, in
our following analysis and calculations, we set Λi = 104 GeV (i = 1, ..., 6).
These effective operators can be obtained in some concrete renormalizable models, such as the extended
SM with triplet Higgs and the vector-like quarks [48] or the extended Weinberg Higgs portal model with
excited quarks [49–51]. For example, the dimension-5 effective operator

cRgg b
bµν R
Λ1 Gµν G

in Eq. (3) can be

realized from a renormalizable perturbative theory via loops of several heavy colored vector-like fermions
with heavy mass, which can easily avoid the constraints from the current Higgs data. For the simplest case,
we can add the color triplet vector-like fermions χ and χc by the following interaction with the heavy scalar
particle R
δL = −yR χχc R.

(4)

By integrating out the heavy fermion in the loop , the effective dimension-5 interaction between the heavy
scalar field R and two gluons can be obtained as
αs yR fχ b bµν
G G R,
12πMχ µν

(5)


3
x + (x − 1)f (x) ,
2
2x

(6)

δLef f =
where fχ is the loop integrated function
fχ =
in which x ≡ (MR /(2Mχ ))2 , and

√
f (x) = arcsin2 x
for x ≤ 1,
√
1
1 + 1 − x−1
√
f (x) = − (log
− iπ)2
−1
4
1− 1−x

for x > 1.

(7)

Matching to the effective Lagrangian in Eq. (3), the matching coefficient can be given as
cRgg
αs yR
=
fχ .
Λ1
12πMχ

(8)
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FIG. 1: The Feynman diagram for the production of the 750 GeV diphoton excess.

By the similar procedure, the other dimension-5 effective operators can be induced by introducing charged
heavy fermions on in the loop.
After the electroweak symmetry breaking, the scalar R and S can both decay to γγ, W W , ZZ and Zγ.
We list the decay widths as follows
Γ(R → gg) =
Γ(R → SS) =

2c2Rgg MR3
πΛ21
c2rSS Λ23
8πMR

c2 Λ2
Γ(S → AA) = Saa 5
8πMS

,
s
1−

4MS2
,
MR2

1−

4MA2
,
MS2

s

Γ(X → γγ) =

3
MX
(cXW s2w + cXB c2w )2 ,
4πΛ2X

Γ(X → Zγ) =

3
MZ2 3 2 2
MX
2
(c
−
c
)
(1
−
XW
XB
2 ) cw sw ,
2πΛ2X
MX

Γ(X → W W ) =
Γ(X → ZZ) =

3
2
MX
MW
2
(1
−
6
2 )cXW ,
2πΛ2X
MX
3
MZ2
MX
2
2 2
(c
c
+
c
s
)
(1
−
6
XW
XB
w
w
2 ),
4πΛ2X
MX

(9)

where X = R or S, ΛX = Λ2 or Λ4 , sw ≡ sinθw , cw ≡ cosθw , and MZ/W is the mass of the Z/W boson.
We define the effective coupling of S particle with the γγ, Zγ, ZZ and W W as cSγγ , cSZγ , cSZZ and
cSW W , respectively. Their expressions in terms of the original couplings can be obtained from the above
formulae of the decay widths.
As a result, the 750 GeV diphoton excess can be explained easily from the following cascade decay
process:
σexcess (pp → R → SS → γγAA) = σ(pp → R → SS)Br(S → AA)Br(S → γγ) ≈ 10 fb.
The corresponding Feynman diagram is shown in Fig. 1.

(10)

5

FIG. 2: The Feynman diagram for the production of the 1.6 TeV diphoton excess.

Because the transverse momentum of the scalar R vanishes at leading order, and when MR ∼ 2 MS ,
the boost of S is heavily suppressed. Thus, the total transverse momentum of the decay product of S
(A pair or diphoton) are small. Since A pair is invisible and it can only be resolved at large MET, the
process in Eq.(10) would be recognized as diphoton production when MR → 2MS . The MET is about
p
ETmissing ∼ MS (MR − 2MS ), which means that MET highly depends on the difference between MR
and 2MS , and its distribution will be discussed in details later.
Another interesting deviation concerned here is at Mγγ ∼ 1.6 TeV, where the cross section is about 1
f b and the local statistical significance is about 2.8 σ [1]. It can be explained as the process gg → R → γγ,
and the Feynman diagram is shown in Fig. 2. This process will affect the total decay width of R.
For convenience, we define the ratios of decay widths
g
=
BR
S
=
BR
V
BR
=

NSA =
NSZW =

Γ(R → gg)
,
Γ(R)
Γ(R → SS)
,
Γ(R)
Γ(R → γγ) + Γ(R → Zγ) + Γ(R → ZZ) + Γ(R → W W )
,
Γ(R)
Γ(S → AA)
,
Γ(S → γγ)
Γ(S → ZZ) + Γ(S → Zγ) + Γ(S → W W )
,
Γ(S → γγ)

(11)

Then, Eq. (10) can be written as
σexcess =
where the c.m. energy

√

2NSA
fgg
g S
Γ(R)BR
BR A
,
MR Sc.m.
(NS + NSZW + 1)2

(12)

Sc.m. = 13 TeV, and fgg is defined as
fgg

π2
=
8

Z

1

2 /S
MR
c.m.

MR2
dx
fg (x)fg (
),
x
Sc.m. x

(13)

wherein fg (x) is the gluon parton distribution function. Here, we use the MSTW2008NLO [52] to perform
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numerical calculations and obtain the concise result
σexcess = 89.36

g S A
BR
BR NS
Γ(R)
fb.
A
GeV (NS + NSZW + 1)2

(14)

Since the decay channel R → gg exists, extra dijet events must be suppressed to satisfy the current
experimental data. We set a stringent upper bound on the cross section that σ(pp → R → gg) < 100 fb,
g
which results in 0.1 ≤ BR
≤ 12 , and it can be easily consistent with bounds of the dijet resonance searching

data [53]. We also require ΓR < 100 GeV.
To avoid large four-photon cross section, the following condition is necessary,
Γ(S → γγ) < Γ(S → AA),

(15)

namely, NSA ≥ 1. Thus, the four-photon signal is weak. And we also suppose NSA < 10 in the following
discussing, and the four-photon signal may be detected at high luminosity LHC. Notice that when NSZW is
NSA
is a monotonic decreasing
(NSA +NSZW +1)2
A
NS
1
always have (N A +1)
2 ≤ 4 , namely,
S

fixed,
we

function on NSA , when NSA ≥ 1 and when NSZW is small,

1
Br(S → γγ) × Br(S → AA) ≤ .
4

(16)

The value of cSγγ depends on the width of the particle S and NSA , and we assume that 10 GeV < ΓS <
50 GeV.
In order to show the features of different parameter setup, and maximize the branch ratio of S → γγ,
we compare the following three cases:
1. Case I: S can only decay to γγ and AA. As a result, NSZW =0 and there are only three decay channel
for S: R → (S → AA)(S → AA), R → (S → AA)(S → γγ) and R → (S → γγ)(S → γγ). In
this case, cSγγ 6= 0, cSZγ = cSW W = cSZZ = 0.
2. Case II: Set cSW = 0 and ignore the interaction between R and γ/Z/W . As a result, Γ(S →
W W ) = 0, Γ(S → ZZ) ∼ 0.08 Γ(S → γγ) and Γ(S → γZ) ∼ 0.58 Γ(S → γγ), which means
NSZW =0.66. Namely, cSW W = 0, cSZγ ≈ 0.3 cSγγ and cSZγ ≈ 0.78 cSγγ .
3. Case III: Set cSW = cSB and ignore the interaction between R and γ/Z/W . In this case, Γ(S →
W W ) ∼ 1.9 Γ(S → γγ) and Γ(S → ZZ) ∼ 0.9 Γ(S → γγ), as well as Γ(S → Zγ) = 0.
Therefore, NSZW ∼ 2.8, and the production of W W or ZZ events will become equally important
than diphoton in the experiment, which will be constrained by the diboson resonance data. Namely,
cSZγ = 0, cSZZ ≈ 0.95 cSγγ and cSW W ≈ 1.38 cSγγ .
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Here, Case I is an artificial example, which ignores the possible interactions SZZ, SW W and SZγ. In
principle, from the Lagrangian given in Eq.(3), it is impossible to obtain Case I directly. Case I is shown
for clearly explaining the cascade decay scenario, which can explain the diphoton excess and the DM.
Further, this simple case can simplify the discussion and provide us with appropriate benchmark parameter
sets. These benchmark sets help to optimize the discussion process in Case II and Case III, which can be
obtained from the lagrangian in Eq.(3).

III.

PARAMETER SPACES IN CASE I

In Case I, to be compatible with the current 8 TeV data and the 13 TeV data at the LHC, we assume
that the dominant decay channel of S is the invisible decay R → (S → AA)(S → AA), the second decay
channel is just the observed 750 GeV diphoton excess R → (S → AA)(S → γγ), and the smallest decay
mode is the four-photon decay channel R → (S → γγ)(S → γγ).
In order to simplify the discussions, we select several concrete benchmark sets to discuss the diphoton
excess at the 13 TeV LHC.
benchmark 1 :
benchmark 3 :
benchmark 5 :

1
g
BR
= ,
2
1
g
= ,
BR
11
1
g
BR = ,
9
A.

NSA = 1,

benchmark 2 :

NSA = 1,

benchmark 4 :

1
g
BR
= ,
2
1
g
= ,
BR
11

NSA = 5.

NSA = 10,
NSA = 10,
(17)

diphoton excess at 750 GeV

In order to generate the observed diphoton excess, it requires that the MET is small enough to be ignored
in the experiment. In Fig. 3, we show the MET distribution in the gg → γγAA channel, where the γγAA +
0/1/2 jets parton-level matched samples are generated with MadGraph5 [54] at leading order. We choose
three parameter sets, which are within the uncertainties of the experiment: (a) MR = 1600 GeV, MS =
750 GeV and Γ(S) = 50 GeV; (b) MR = 1540 GeV, MS = 765 GeV and Γ(S) = 10 GeV and (c)
MR = 1530.1 GeV, MS = 765 GeV and Γ(S) = 1 GeV. It is obvious that the MET highly depends
on the mass as well as width of R and S. The peaks of the MET distribution in three figures are at about
p
ETmissing ∼ MS (MR − 2MS ). As a result, if the mass difference between MR and 2MS is small, the
gg → γγAA channel can be identified as the diphoton excess at the 13 TeV LHC.
g
S and N A .
As shown in Eq.(12), the diphoton excess is related to four parameters, i.e., cRgg , BR
, BR
S
g
Figure 4 presents the diphoton cross sections in NSA -BR
plane, where we choose cRgg = 0.1 − 0.4 and
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(a)

(b)

(c)

FIG. 3: The MET distribution in R → (S → AA)(S → γγ) channel. The three figures correspond to (a) MR =
1600 GeV, MS = 750 GeV and Γ(S) = 50 GeV; (b) MR = 1540 GeV, MS = 765 GeV and Γ(S) = 10 GeV and
(c) MR = 1530.1 GeV, MS = 765 GeV and Γ(S) = 1 GeV.
S = 1 − B g (i.e. B V = 0, we will show the rationality in the next subsection), respectively. The
fix BR
R
R

colored region corresponds to the signal cross section larger than 7 fb. It is obviously that there exists large
parameter spaces for the observed diphoton excess.

g
FIG. 4: The constraints for NSA and BR
when fixing cRgg . In order to generate diphoton excess with 10 ± 3 fb

cross sectioin, cRgg need to be between 0.2-0.5 for different benchmark points. The colored bands stand for the cross
section of diphoton excess which is smaller than 7 fb when fixing different cRgg , respectively.
g
The main constraints on the cRgg -BR
plane is shown in Fig.5. Firstly, since we assume that the width of
g
R is smaller than 100 GeV, it can only provide a loose constraint on cRgg and BR
, denoted by the orange

color region. Secondly, the blue region stands for the parameter spaces with σ(gg → R → jj) > 100 fb.
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Finally, in the parameter spaces that we concerned, the most strict constraint comes from that the diphoton
excess need to be large than 7 fb, which is the minimum value of ATLAS experiment in Eq. (1). The
parameter spaces in the purple (wheat and green) region denotes that σexcess (gg → 2γ2A) < 7 fb, where
NSA is fixed at 1 (5 and 10). Finally, the white region stands for the allowed parameter space for diphoton
excess. After combining those constraints, we also list the main constraints for the benchmark sets in

g
FIG. 5: The contour plot for cRgg and BR
, assuming diphoton excess larger than 7 fb. The purple, wheat and green

regions denote that diphoton excess is small than 7 fb, when fixing NSA = 1, 5, 10, respectively. The orange region
stands for ΓR > 100 GeV, and the blue region means σdijet > 100f b. The white region stands for the allowed
parameter space.

Table I.
benchmark sets
cRgg
ΓR (GeV)
cSγγ

1

2

3

4

5

[0.16, 0.21] [0.27, 0.37] [0.11, 0.16] [0.20, 0.27] [0.16, 0.21]
[1.3, 2.3]

[3.8, 7.1]

[3.5, 7.3] [11.5, 20.9] [6.0, 10.3]

[6.68, 8.63] [2.85, 3.68] [6.68, 8.63] [2.85, 3.68] [3.85, 4.98]

TABLE I: The combined constraints for cRgg , ΓR and cSγγ on each benchmark point. The results come from combining the constraints from the 10 GeV < ΓS < 50 GeV, ΓR < 100 GeV, the 10 ± 3 fb diphoton excess and the dijet
resonances searching.
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B.

1.6 TeV diphoton resonance predictions

There is another interesting deviation from the background around Mγγ ∼ 1.6 TeV in the ATLAS
experiment, where the cross section is smaller than 1 fb and the local statistical significance is about 2.8
σ [1]. As we stated above, this deviation can be explained naturally by the scalar R with mass 1.6TeV. The
Feynman diagram for diphoton production induced by R is shown in Fig. 2.
According to Eq. (3), R has many decay channels, and the width of R is
Γ(R) = Γ(R → gg) + Γ(R → SS) + Γ(R → γγ) + Γ(R → Zγ) + Γ(R → ZZ) + Γ(R → W W ), (18)
S and B g . These parameters will be constrained by the
which depends on the couplings cRW , cRB , BR
R

W W , ZZ and Zγ experiment data at 8 TeV and 13 TeV at the LHC. When fixing cRgg = 0.2 and setting
Γ(R) = 2 GeV, (it is one of the allowed parameters in benchmark 1), the allowed parameter spaces for
cRW and cRB from the W W , ZZ and Zγ production at 8 TeV and 13 TeV LHC [55–58] are shown in
Fig 6. So the constraints for these two coupling are very loose, and there are also very large parameter
spaces for other benchmark sets. In order to simplify the discussion, we choose cRW = 0. As a result,

FIG. 6: The allowed parameter spaces for cRB and cRW from W W , ZZ and Zγ experiment data at 8 TeV and 13
TeV LHC.

Γ(R → ZZ) ∼ 0.09 Γ(R → γγ) and Γ(R → γZ) ∼ 0.6 Γ(R → γγ), so the width of R can be simplified
as
Γ(R) = Γ(R → gg) + Γ(R → SS) + 1.69 Γ(R → γγ).

(19)
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The 1.6 TeV diphoton cross section is
g
fgg Γ(R)BR
σ(gg → R → γγ) =
Γ(R → γγ) ≤ 1 fb.
MR Sc.m.

(20)

We list the corresponding parameters to generate 1 fb cross section on five benchmark sets in Table II. It
is obviously that the branch ratio of R → γγ(ZZ/W W/Zγ) is small in the parameter spaces where we
considered. Because we only need the total decay width of R in the following analysis, as a result, we can
V = 0 in the following discussing.
safely set BR

benchmark sets

1

2

3

4

5

cRB

0.15 0.15 0.36 0.36 0.32

V
BR

0.04 0.01 0.08 0.03 0.04

ΓR (GeV)

1.79 5.42 5.42 16.38 8.16

V
TABLE II: The parameter spaces of cRB , BR
and total decay width of R on each benchmark point. The results need

to satisfy the 10 fb diphoton excess.

In Fig.7, we present the gg → R → γγ cross sections on cRgg -cRB plane, and roughly assume that
the cross section for pp → R → γγ is smaller than 1 fb without any kinematic cuts, which is consistent
with current ATLAS diphoton experiment [1]. The parameters are also required to generate 10 ± 3 fb
diphoton excess at 750 GeV, and we choose benchmark 1, 4 and 5 in Fig.7 (a), (b) and (c). We can see that
g
) and NSA .
σ(R → γγ) weakly correlates to cRgg , but highly depends on cRB (which also affects BR

(a)

(b)

(c)

FIG. 7: The predicted gg → R → 2γ cross section, where we use benchmark 1 in Figure (a), benchmark 4 in
Figure (b) and benchmark 5 in Figure (c). The constraints mainly come from that we require the cross section
gg → R → SS → 2γ2A is about 10 ± 3 fb. Other constraints on the couplings discussed above are also included.

The simulations of the 1.6 TeV diphoton signal and the corresponding backgrounds are obtained by using
the MadGraph5 [54], with the cuts in the experiment report [1]. We show the 5 σ discovery sensitivities
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for gg → R → 2γ with different luminosities in Fig. 8 (a). We choose several benchmark points as stated
above, and the corresponding cRgg is set to satisfy that the 750 GeV diphoton excess cross section just
equals 10 fb in each benchmark point. From the figure, we can see that when L ∼ 20 fb−1 , the 1.6 TeV
diphoton excess can be observed at the level of 5 σ if cRB is larger than 0.5 in all four benchmark points.
In Fig. 8 (b), we show the 3 σ exclusion limits. From the Fig. 8 (b), we can see that it is hard to exclude
cRB to O(1) even when L < 100 fb−1 at 13 TeV LHC. So higher luminosity at 14 TeV LHC is needed to
exclude this signal.

(a)

(b)

FIG. 8: The 5 σ discovery (Fig. (a)) and 3 σ exclusion (Fig. (b)) parameter spaces for gg → R → 2γ in the L − cRγγ
g
plane. Different colors stand for choosing different BR
, NSA benchmark points and the corresponding cRgg , which

satisfy that 750 GeV diphoton cross section is 10 fb in each benchmark points.

C.

DM relic density

Since we assume that A is an invisible stable particle, it can be a natural DM candidate. The Feynman
diagram for the dark matter annihilation channel AA → γγ is shown in Fig. 9. And we should study
whether the particle A can satisfy the constraint from the observed DM relic density. Firstly, we obtain the
relative velocity (v) expanded DM annihilation cross section σann v(AA → γγ) = a + bv 2 + O(v 4 ) with
a=

b=

8c2SAA c2Sγγ MA2
π((MS2 − 4MA2 )2 + MS2 Γ2S )

,

16c2SAA c2Sγγ MA4 (MS2 − 4MA2 )
π((MS2 − 4MA2 )2 + MS2 Γ2S )2

(21)

.

(22)

13

FIG. 9: The Feynman diagram for dark matter annihilation channel AA → γγ.

Then, from the Boltzmann equation, the corresponding DM relic density can be approximated as [59]
Ωh2 '

1.04 × 109 xf (T0 /2.725 K)3 GeV−1
p
,
Mpl g? (xf )(a + 3b/xf )

(23)

where xf ≡ MA /Tf with the DM free-out temperatue Tf , T0 is the cosmic microwave background temperature at present, and g? is defined as the effective relativistic degrees of freedom at Tf .

FIG. 10: The constraints for MA and c2Sγγ c2SAA . The pink region stands for the parameter spaces satisfying the
observed DM relic density Ωh2 < (0.1186 ± 0.0020) [60], when the DM is composed of more than one species
of particles. The green, blue and purple bands are allowed parameter spaces for 10 GeV < Γ(S) < 50 GeV with
NSA = 1, 5 and 10, respectively. So the overlapping regions between the pink and green (blue, purple) ones are the
allowed parameter spaces for NSA = 1 (5, 10).

In Fig. 10, we show the allowed parameter spaces for the mass and the couplings of A. First, the particle
A needs to satisfy the current width constraints of S, i.e. 10 GeV < Γ(S) < 50 GeV. We use the green, blue
and purple bands denoting the allowed parameter spaces for the cases of NSA = 1, 5 and 10, respectively.
Then, the particle A should contribute to the observed DM relic density. The pink region stands for the

14

FIG. 11: The Feynman diagram for the production of the four-photon signal at 1.6 TeV.

parameter spaces satisfy Ωh2 < (0.1186 ± 0.0020) [60], if the DM is composed of more than one species
of particles. And the overlapping regions between the pink and green (blue, purple) ones are the allowed
parameter spaces for NSA = 1 (5, 10). Thus, the scalar particle A can be a natural DM candidates with large
parameter spaces in this scenario. In fact, the particle A can also be a pseudoscalar, a Dirac fermion or a
Majorana fermion and so on. We leave the detailed study on these cases in our future work.

D.

the four-photon predictions

(a)

(b)

(c)

g
plane with cRgg = 0.16, 0.2 and 0.24, respectively. The
FIG. 12: The predicted gg → 4γ cross section in NSA − BR

cross section for gg → R → SS → 2γ2A is required to be between 7-13 fb. Other constraints from the width of S
and R, and dijet resonances searching are also included.

In this scenario, the new scalar R also decays to four photons (The corresponding Feynman diagram is
in shown in Fig. 11.), with the small cross section
σ4γ ≈

σexcess
5
≈ A fb.
A
2NS
NS

(24)

So the σ4γ ∼ O(1) fb. The four-photon background in the SM is O(10−6 ) fb in the range of 1550 GeV <
M4γ < 1650 GeV. Thus, at high luminosity LHC, this new signal is significant, if it is observed. The
numerical results for cRgg = 0.16, 0.20 and 0.24 are shown in Fig. 12, wherein the cross section for
gg → R → SS → 2γ2A is required to be between 7 fb and 13 fb, and the constraints from the width of the
particle S and R, and dijet resonances searching are also included.
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IV.

PARAMETER SPACES IN CASE II AND CASE III

(a)

(b)

(c)

FIG. 13: The constraint of cSγγ and NSA from the width of S, where we assume that the S width is between 10 GeV ∼
50 GeV. The white region corresponds to allowed parameter spaces. (a): S only couple with γγ. (b): Including the
contribution from the interaction of SZZ and SZγ with cSW = 0. (c): Including the contribution from the interaction
of SZZ and SW W with cSW = cSB .

In this section, we consider the Case II and Case III in details. The most direct variations in these three
cases are the allowed parameter spaces from the width of S. In Fig.13, we show the constraints of cSγγ and
NSA from the width of S, where we assume that 10 GeV < ΓS < 50 GeV. The white regions correspond to
the allowed parameter spaces. The left figure represents Case I (ignore SW W , SZZ or SZγ), the middle
figure represents Case II (including the contribution from the interaction of SZZ and SZγ with cSW = 0.),
and the right figure represents Case III (including the contribution from the interaction of SZZ and SW W
with cSW = cSB ). We can see that the three figures are very similar, except that the cSγγ varies obviously in
Case III when NSA is small. As a result, in general, the discussion of the parameter spaces are also applicable
in Case II and Case III. But some variation will affect possible parameter spaces for diphoton excess and
other signals. For simplicity, we also ignore the interaction of Rγγ, RZZ, RZγ and RW W in this section.

A.

diphoton excess at 750 GeV

g
In Fig. 14, we plot the constraints for NSA and BR
for Case II and Case III when fixing cRgg . Comparing

to the Fig. 4, the allowed regions in Fig. 14 are smaller, because the branch ratio of S → γγ becomes
smaller for the same NSA in Case II and Case III. So in order to produce the same cross section for diphoton
g
excess, it needs larger cross section of R → gg production, which leads to a larger BR
and cRgg . For Case

II, extra decay channels lead to Γ(S → ZZ) + Γ(S → Zγ) ∼ 0.7 Γ(S → γγ), so the lower bound for

16
min
cmin
Rgg is 0.15 in Fig. 14, instead of cRgg ∼ 0.12 in the Fig. 4. For Case III, the extra decay channels lead

to Γ(S → ZZ) + Γ(S → W W ) ∼ 3 Γ(S → γγ), as a result, the remnant parameter spaces are highly
suppressed.

(a)

(b)

g
FIG. 14: The constraints for NSA and BR
when fixing cRgg . The meaning of the colored region is similar with Fig. 4,

but we include the contribution from the interaction of SZZ and SZγ of Case II in Figure (a), and the interaction of
SZZ and SW W of Case III in Figure (b), respectively.

B.

diboson prediction

In these two cases, similar with diphoton excess, there will also be di-boson signal. Notice that, for Case
II, the cross section of pp → ZγAA is close to diphoton channel, where Γ(S → Zγ) ∼ 0.6 Γ(S → γγ).
And for Case III, the pp → W W AA and pp → ZZAA channels become equally significant with the
diphoton channel since Γ(S → W W ) ∼ 2 Γ(S → ZZ) ∼ 2Γ(S → γγ). As a result, through the similar
procedure as we discussed in the diphoton excess, there will be Zγ, W W and ZZ signals without large
missing energy at a mass of 750 GeV when choosing different cSB and cSW . The Feynman diagram is
shown in Fig.15, where V1 V2 = ZZ/Zγ/γγ in Case II and V1 V2 = W W/ZZ/γγ in Case III.
Since the W and Z bosons come from the heavy resonance decay, they are highly boosted and form
a fat jet. We can identify them with jet substructure. So the collider signal would be a fat Z jet and
photon for Case II and fat W/Z jets for Case III. The main SM background would be γ + jets, Z + γ
and W + γ for ZγAA final states and W/Z + jets, W W/ZZ/W Z pairs, tt̄ pairs for W W/ZZ + AA
final states. We generate our scenario with Feynrules [61], and simulate the signals pp → ZγAA, pp →
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FIG. 15: The Feynman diagram for di-boson production, where V1 V2 = ZZ/Zγ/γγ in Case II and V1 V2 =
W W/ZZ/γγ in Case III.

ZZAA and pp → W W AA and corresponding backgrounds with MadGraph5 [54] + Pythia6 [62]. The jet
substructure is analyzed with mass-drop technique [63] and the V-jets (V = W/Z) are reconstructed using
Cambridge/Aachen algorithm with Fastjet [64].
In order to discard the irrelevant backgrounds, we consider the following kinetic cuts. Firstly, we require
> 250 GeV for the hardest jet and HT > 500 GeV for the scalar sum of the transverse momentum
phardest
T,J
of final visible states. The distance parameter R is set as R = 1.2 to cluster the fat V jets. The invariant
mass of reconstructed V jets satisfy |MJ − MV | ≤ 13 GeV. When searching W W/ZZ + AA signal, since
the signal events are highly boosted, we also require pT,JV ≥ 250 GeV, |ηJV | ≤ 3. The invariant mass of
two reconstructed V-jets should satisfy |MJV 1 JV 2 − MS | ≤ 50 GeV. When searching the ZγAA signal, we
require a tagged hard photon, which satisfies pT,γ ≥ 250 GeV, |ηγ | ≤ 1.4, and the invariant mass of γ and
the Z-tagged jet should satisfy |MγJZ − MS | ≤ 25 GeV. We show the discovery potentials of the above

(a)

(b)

(c)

FIG. 16: The 5 σ discovery potential for gg → R → SS → ZγAA/ZZAA/W W AA in the cSB − cSW plane
with 100 f b−1 at the 13 TeV LHC. The parameter spaces are consistent with the diphoton excess cross section, i.e.
σγγAA = 10 fb. The pink regions stand for that the width of S is larger than 40 GeV. The white regions in three
figures are where the signal can be observed over the level of 5 σ.
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signals with an integrated luminosity of 100 fb−1 at the 13 TeV LHC in Fig. 16. The parameter spaces are
required to be consistent with the diphoton excess cross section, i.e. σγγAA = 10 fb. In the figures, the pink
regions stand for that the width of S is larger than 40 GeV and the white regions mean that the signal can
be observed over the level of 5 σ. The signals can be observed when cSB and cSW are with the opposite
signs as well as |cSW /cSB | is large. The three figures look very similar and most of the parameter spaces
are excluded, because the backgrounds are too large for the all three signals. So these signals can only be
observed if the parameters are more like Case II at the 13 TeV LHC. But these signals in larger parameter
spaces may be observed at the high luminosity 14 TeV LHC.

C.

DM relic density

FIG. 17: The Feynman diagram for dark matter annihilation channel AA → V1 V2 , where V1 V2 = γγ, Zγ, ZZ and
W W . In case II, V1 V2 = γγ, Zγ and ZZ; In case III, V1 V2 = γγ, ZZ and W W .

In Case II and III, the Feynman diagram for the dark matter annihilation AA → V1 V2 is shown in
Fig. 17, where V1 V2 = γγ, Zγ and ZZ in case II; V1 V2 = γγ, ZZ and W W in case III. Here, we only
show the numerical results, and the couplings cSZγ , cSW W and cSZZ are written in terms of cSγγ . Namely,
cSZγ ≈ 0.3 cSγγ , cSZγ ≈ 0.78cSγγ in Case II; and cSZZ ≈ cSγγ , cSW W ≈ 1.41 cSγγ in Case III. Figure 18
shows the constraints for DM mass MA and the couplings c2Sγγ c2SAA after including the constraints from
the observed DM relic density. The meaning of the colored region is similar with Fig. 10, but we include
the contribution from the interaction of SZZ and SZγ of Case II in Figure (a), and the interaction of SZZ
and SW W of Case III in Figure (b), respectively. Comparing with Fig. 10, the overlapping region become
larger when NSA = 1, 5 and 10. That is because we define NSA =

Γ(S→AA)
Γ(S→γγ) ,

and Γ(S → Zγ/ZZ/W W )

also contribute to the total decay width for a fixed NSA . For Case III, due to the large branch ratio of
Γ(S → W W/ZZ), there are small differences for different NSA .
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(a)

(b)

FIG. 18: The constraints for MA and c2Sγγ c2SAA including the constraints of the DM relic density. The meaning of the
colored region is similar with Fig. 10, but we include the contribution from the interaction of SZZ and SZγ of Case
II in Figure (a), and the interaction of SZZ and SW W of Case III in Figure (b), respectively.
D.

four-boson prediction

In Case II and Case III, there are also the four-photon signal. In Fig. 19, we present the predicted
gg → 4γ signals for Case II and Case III, respectively. We choose cRgg = 0.16, 0.20 and 0.24 for Case
II (Fig. 19 (a), (b), (c)), and cRgg = 0.24, 0.30 and 0.34 for Case III (Fig. 19 (d), (e), (f)). The 4γ cross
section turns to be compatible with 750 GeV diphoton cross section in some allowed parameter spaces, i.e.
σ4γ ∼ O(1) fb.
However, the best channels in this scenario are four-boson production at a invariant mass of 1.6 TeV,
such as W W W W , W W γγ, W W ZZ, W W Zγ, ZZZZ, ZZZγ, ZZγγ and Zγγγ production, which is
similar to the four-photon signal discussed above. The cross section of these four-boson signals can reach
to O(1) fb, while the backgrounds of the four bosons can almost be ignored at 1.6 TeV. However, the cross
section of four boson production highly rely on the choice of cSW and cSB . As a result, we can search the
four-boson signal to constrain the cSW and cSB at the high luminosity LHC.

V.

DISCUSSION AND CONCLUSIONS

In general, the particle R can also couple with the Z and W bosons, which will lead to more abundant
signals at 1.6 TeV, such as the signals of gauge boson pairs. Since we are only interested in the diphoton
and four-boson signals in this paper, we leave the detailed discussion on these gauge boson signals in our
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Case II

(a)

(b)

(c)

Case III

(d)

(e)

(f)

g
plane with cRgg = 0.16, 0.20 and 0.24 for Case II and
FIG. 19: The predicted gg → 4γ cross section in NSA − BR

cRgg = 0.24, 0.30 and 0.34 for Case III, respectively. The cross section for gg → R → SS → 2γ2A is required to
be between 7 − 13 fb. Other constraints from the width of S and R, and dijet resonances searching are also included.
These figures are similar with Fig. 12, but we include the contribution from the interaction of SZZ and SZγ of Case
II in the Figures (a),(b), and (c), and the interaction of SZZ and SW W of Case III in the Figures (d),(e), and (f),
respectively.

future work.
If the diphoton excess (one or two resonances) is confirmed in the future, it obviously needs new physics
beyond the SM with more than one new particles to complete the whole story, and the 750 GeV diphoton
excess can be easily explained by the cascade decay of the 1.6 TeV boson, which is compatible with current
data from Run 1 and Run 2. At the same time, the existence of scalar R can also explain the diphoton
deviation with an invariant mass of about 1.6 TeV at the ATLAS. Especially, we predict the slight fourphoton and four-boson excess, which can be tested at the high luminosity LHC in the future. As a byproduct, our scenario also naturally provides the DM candidates.
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