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The recent LHC Run-2 data have shown a possible excess in diphoton events, suggesting the existence of
a new resonance ϕwith massM ∼ 750 GeV. If ϕ plays the role of a portal particle connecting the Standard
Model and the invisible dark sector, the diphoton excess should be correlated with another photon excess,
namely, the excess in the diffuse gamma rays towards the Galactic Center, which can be interpreted by the
annihilation of dark matter (DM). We investigate the necessary conditions for a consistent explanation for
the two photon excesses, especially the requirement on the width-to-mass ratio Γ=M and ϕ decay channels,
in a collection of DM models where the DM particle can be scalar, fermionic, and vector, and ϕ can be
generated through s-channel gg fusion or qq̄ annihilation. We show that the minimally required Γ=M is
determined by a single parameter proportional to ðmχ=MÞn, where the integer n depends on the nature of
the DM particle. We find that for the scalar DM model with ϕ generated from qq̄ annihilation, the
minimally required Γ=M can be as low as Oð10−3Þ. For the scalar DM model with ϕ generated from gg
fusion and fermionic DM model with ϕ from qq̄ annihilation, the required Γ=M are typically of Oð10−2Þ.
The vector DM models, however, require very large Γ=M of order one. For the DM models which can
consistently explain both the excesses, the predicted cross sections for gamma-ray line are typically of
Oð10−31–10−29Þ cm3 s−1, which are close to the current limits from the Fermi-LAT experiment.
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I. INTRODUCTION

Recently, the ATLAS and CMS Collaborations have
reported the results of the LHC Run-2 at center-of-mass
energy

ffiffiffi
s

p ¼ 13 TeV, based on the integrated luminosity
of 3.2 and 3.3 fb−1, respectively [1]. Both the colla-
borations have shown a possible excess in the events
containing two photons, suggesting the existence of a
new s-channel resonance particle ϕ. The distribution of
the observed events at ATLAS favors a mass of the
resonanceM ≈ 750 GeV and a width-to-mass ratio Γ=M ≈
0.06 with a local (global) significance of 3.9 σ (2.3 σ). In
the assumption of a narrow width, the corresponding
local (global) significance is 3.6 σ (2.0 σ). The CMS
Collaboration has also reported a similar excess at M ≈
760 GeV with a local (global) significance of 2.9σ (< 1σ),
and the event distribution slightly favors a narrow width. A
combined analysis of the CMS Run-1 (8 TeV) and Run-2
data showed that the local (global) significance of the
diphoton excess increases to 3.4 σ (1.6 σ) with the best-fit
diphoton invariant mass close to 750 GeV [2]. If the two
photons arise directly from the decay of the resonance ϕ,

the resonance must be electrically neutral, and its spin can
be 0 or 2 due to the Landau-Yang theorem [3]. Assuming a
large width, the ATLAS (CMS) data favor a diphoton
production cross section 10� 3 fb (6� 3 fb) [4]. Other
analyses assuming narrow width give ∼6.2 ð5.6Þ fb for
ATLAS (CMS) [5,6].
The LHC diphoton excess, if confirmed, is a clear

indication of new physics beyond the Standard Model
(SM). Furthermore, ϕ is unlikely to be the only new particle.
Since ϕ is electrically neutral, it can only couple to photons
through loop processes. If the loops involve only the SM
charged particles, ϕ should decay into these SM particles
with large rates, as ϕ is much heavier than all the SM
particles. The corresponding production cross sections can
easily reachOðpbÞwhich are too large to escape thedetection
atLHCRun-1 (see, e.g., [7,8]). If the largewidthΓ=M ≈ 0.06
favored by ATLAS is confirmed, the resonance ϕ is likely to
have additional tree-level invisible decays. An intriguing
possibility is that ϕ also couples to the dark matter (DM)
particles which contribute to∼26.8% of the energy budget of
our Universe. In this scenario, ϕ plays the role of a portal
connecting the invisible and visible world. The excess of
diphoton events suggests that the DM particle should at least
couple to photons and also couple to gluons or quarks
depending on the production mechanism of ϕ at the LHC.
The phenomenological implications such as the DM relic

*huangxj@itp.ac.cn
†whzhang@itp.ac.cn
‡yfzhou@itp.ac.cn

PHYSICAL REVIEW D 94, 035019 (2016)

2470-0010=2016=94(3)=035019(16) 035019-1 © 2016 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.94.035019
http://dx.doi.org/10.1103/PhysRevD.94.035019
http://dx.doi.org/10.1103/PhysRevD.94.035019
http://dx.doi.org/10.1103/PhysRevD.94.035019


density, DM direct, and indirect detections have been
extensive studied [4,9–20].
If the DM particles can couple to the SM particles

indirectly, the annihilation of the DM particles in the
galactic halo can generate extra flux of cosmic-ray
particles and photons. Compared with the cosmic ray
charged particles, the photons are not deflected by the
Galactic magnetic fields and do not loss energy during the
propagation in the galactic halo. Thus, they are of crucial
importance in searching for the signals of halo DM
annihilation. The Galactic Center (GC) is expected to
harbor high densities of DM, as suggested by N-body
simulations, which makes it a promising place to look for
photon signals of DM annihilation or decay. Recently, a
number of groups including Ferm-LAT Collaboration
have independently found statistically strong evidence
for an excess in cosmic gamma-ray fluxes at energy
∼2 GeV towards the inner regions around the Galactic
Center (GC) from the data of Fermi-LAT [21–35]. The
morphology of this GC excess (GCE) emission is con-
sistent with a spherical emission profile expected from
DM annihilation. The origin of the GCE is still under
debate. There exists plausible astrophysical explanations
such as the unresolved point sources of millisecond
pulsars [24–27,36,37] and the interactions between the
cosmic rays and the molecular gas [28,29,38]. Halo DM
annihilation can also provide a reasonable explanation.
The determined energy spectrum of the excess emission,
although depending on the choices of diffuse gamma-ray
background templates, is in general compatible with the
scenario of ∼40 GeV DM particles self-annihilating into
bb̄ final states with a cross section hσvi ≈ ð1–2Þ ×
10−26 cm3 s−1 close to the typical thermal cross section
for the observed DM relic abundence [30,32] (other
possible final states were considered in Refs. [19,34,39]).
The possible connection between the LHC diphoton

excess and the GCE was first explored in [40]. Assuming a
pesudoscalar ϕ which couples dominantly to gg, γγ, and
scalar DM particles, it was shown that the two reported
photon excesses can be simultaneously explained if the
total width of ϕ is large enough Γ=M ≳Oð10−2Þ which is
favored by the current ATLAS data. The phenomenological
consequences of such a connection was further discussed
in Refs. [41] and [42].
A large total width of ϕ, if confirmed, implies that the

new physics sector is strongly coupled, or the resonance ϕ
has large number of decay channels. In this work, we
investigate the generic conditions for a consistent explan-
ation for the possible LHC diphoton excess and GCE,
especially the requirement on total width of ϕ in a wide
range of DM models where the DM particle can be scalar,
fermionionic, and vector, and ϕ can be generated by
s-channel gluon fusion or quark-antiquark annihilation at
parton level. We show that the minimally required ϕ width
is determined by a single parameter proportional to

ðmχ=MÞn, where the integer n depends on the spins of
the DM particle and its decay final states. We find that for
scalar DM model with ϕ generated from qq̄ annihilation,
the minimally required Γ=M can be as low asOð10−3Þ. For
scalar DM model with ϕ generated from gg fusion and
fermionic DM model with ϕ from qq̄ annihilation, the
required Γ=M reaches Oð10−2Þ. Other models such as the
vector DM model requires larger Γ=M of order one which
is already disfavored by the current data. For the same DM
model, the required width of ϕ is always smaller in qq̄
channel than that in the gg channel. For the DM models
which can simultaneously account for the diphoton excess
and the GCE, the predicted cross sections for gamma-ray
line are typically ofOð10−30Þ cm3 s−1, which is close to the
current limits imposed by the Fermi-LAT data. These
models can be distinguish by LHC and Fermi-LAT in
the near future.
The rest of this paper is organized as follows. In Sec. II,

we overview the interpretation of the diphoton excess
and derive model-independent conditions for a consistent
explanation for the diphoton excess and the GCE. In
Sec. III, we discuss model-independently the implications
of the GCE for the DM properties. In Sec. IV, we determine
the allowed parameters in various DM models in which the
DM particles can be scalar, fermionic, and vector with ϕ
generated by gg fusion and qq̄ annihilation. The conclusion
is given in Sec. V.

II. THE LHC DIPHOTON EXCESS

We consider the simplest scenario where the diphoton
events are produced from the decay of the s-wave reso-
nance ϕ which is generated through XX̄ fusion or the
annihilation process, where XX̄ ¼ gg, γγ, and qq̄ (q ¼ u, d,
c, s, t, b). The production cross section for the process
pp → ϕ → γγ in the narrow-width approximation is
given by

σγγ ¼
2J þ 1

ðΓ=MÞs
�X

X

CXX̄
ΓXX̄

M

��
Γγγ

M

�
; ð1Þ

where J is the spin of ϕ, and the coefficients CXX̄
incorporate the integration over the parton distribution
functions of the protons. For instance, at the center-of-
mass energy

ffiffiffi
s

p ¼ 13 ð8Þ TeV, Cgg ≈ 2137 ð174Þ, Cbb̄ ≈
15.3 ð1.07Þ, and Ccc̄ ≈ 36 ð2.7Þ [4]. Higher order QCD
corrections can be taken into account by including the
K-factors with typical valuesKgg ðqq̄Þ ≈ 1.48 ð1.20Þ. For the
sake of simplicity, we consider the case where ϕ is spin
zero, and one channel of XX̄ dominates the ϕ production at
a time. The process of γγ fusion is always included, as it is
irreducible. In the limit of ΓXX̄ ≫ Γγγ , the values of the
partial decay widths required to account for the diphoton
excess at Run-2 are estimated as
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�
ΓXX̄

M

��
Γγγ

M

�
≈
2.1 × 10−4

CXX̄

�
σγγ
8 fb

��
Γ=M
0.06

�
: ð2Þ

The nonobservation of any excess at Run-1 (8 TeV) already
imposes stringent limits on the cross sections for a number
of final states generated from the decay of a generic
resonance

σZγ ≤ 4.0 fb ½43�; σZZ ≤ 12 fb ½44�;
σWW ≤ 40 fb ½45; 46�; σγγ ≤ 1.5 fb ½47�;
σjj ≤ 2.5 pb ½48�; σbb̄ ≤ 1.0 pb ½49�: ð3Þ

The enhancement of the production cross section at Run-2
relative to that at Run-1 can be described by the gain factor
r ¼ σ13 TeV=σ8 TeV ≈ 0.38CXX̄ð13 TeVÞ=CXX̄ð8 TeVÞ. In
order to account for an excess seen at Run-2 but not
Run-1, a large value of r is favored. The production
channels with leading r factors are rbb̄ ≈ 5.4, rgg ≈ 4.7,
and rcc̄ ≈ 5.1. Other channels have smaller gain factors, for
instance, rss ≈ 4.3, rdd ≈ 2.7, ruu ≈ 2.5, and rγγ ≈ 1.9.
Thus, they are not considered further in this work. In
the case where ϕ also couples to DM particles, the total
width of ϕ is given by

Γ ¼ Γggðqq̄Þ þ κΓγγ þ Γχχ ; ð4Þ

where the factor κ ¼ ð1þ ΓZZ=Γγγ þ ΓZγ=Γγγ þ ΓWW=ΓγγÞ
absorbs the contributions from ZZ, Zγ andWW final states,
which depends on the couplings between ϕ and the SM

weak gauge bosons in a given model. If the total width Γ
can be determined by the experiment, Eq. (4) can place an
important constraint on the properties of the DM particle.
If the diphoton events are generated dominantly by the

process of gluon fusion (quark-antiquark annihilation)
gg ðqq̄Þ → ϕ → γγ, the cross sections of diphoton produc-
tion and DM annihilation are strongly correlated, as the
DM particles inevitably annihilate into these states through
the same intermediate state, χχ̄ → ϕ → gg, (qq̄), γγ.
The same DM annihilation process determines both the

DM relic density and the DM indirect detection signals.
For the s-channel DM annihilation process χχ → ϕ → XX̄,
the corresponding thermally averaged product of the DM
annihilation cross section and the DM relative velocity can
be written in a generic form

hσviXX̄ ¼ 8πηχRXX̄

s2χ ½ð1 − 4m2
χ=M2Þ2 þ ðΓ=MÞ2�m2

χβχðM2Þ

×

�
Γχχ

M

��
ΓXX̄

M

�
; ð5Þ

where ηχ ¼ 2ð1Þ for the DM particle (not) being its own
antiparticle, sχ is the spin degrees-of-freedom of the DM
particle with sχ ¼ 1, 2, and 3 for the DM being a scalar,
fermion, and vector, respectively. The quantity βXðsÞ≡
ð1–4m2

X=sÞ1=2 is the velocity of the particle X from the
decay ϕð�Þ → XX̄ with a squared center-of-mass energy s.
The function RXX̄ is essentially the ratio of ϕ decay squared
amplitudes at s ≈ 4m2

χ and M2

RXX̄ðm2
χ=M2Þ ¼

P jMϕ→χχðs ¼ 4m2
χÞj2

P jMϕ→XX̄ðs ¼ 4m2
χÞj2βXð4m2

χÞP jMϕ→χχðs ¼ M2Þj2 P jMϕ→XX̄ðs ¼ M2Þj2βXðM2Þ : ð6Þ

For a consistent explanation of the diphoton excess and the
GCE, Eqs. (1), (4), and (5) must be satisfied simultane-
ously. The corresponding solutions for the ϕ partial decay
widths in the limits mχ=M ≪ 1 and Γ=M ≪ 1 are given by

�
ΓXX̄

M

�
¼ 1

2

��
Γ
M

�
� Δ1=2

�
;

�
Γγγ

M

�
¼ σγγsðΓ=MÞ

CXX̄ðΓXX̄=MÞ ;

ð7Þ

where

Δ≡
�
Γ
M

�
2

− 4

�
s2χm2

χβχðM2ÞhσviXX̄
8πηχRXX̄

þ κσγγs

CXX̄

Γ
M

�
: ð8Þ

The necessary condition for the existence of the solutions is
Δ ≥ 0. As it can be seen in the following sections, in most
DM models RXX̄ ∝ ðmχ=MÞ2n, (n ¼ 1; 2; 3;…). Since we
are interested in the case of GCE where mχ ≪ M, the

second term in the square brackets in Eq. (8) can be safely
neglected. In a good approximation, the condition can be
written as

Γ
M

≳
�
s2χm2

χβχhσviXX̄
2πηχRXX̄

�
1=2

: ð9Þ

For a given DM model, the factor RXX̄ is fixed. If the
diphoton excess is consistent with the DM thermal relic
density which is set by DM annihilation into XX̄, then the
annihilation cross section must be close to the typical
thermal cross section hσviXX̄ ≈ hσviF ¼ 3×10−26 cm3 s−1.
From the value of Γ=M determined by the experiment, one
can derive an upper limit on hσviXX̄ as a function of mχ

from Eq. (9), which depends on the nature of the DM
particle and the final state XX̄. On the other hand, if the
diphoton excess is required to be consistent with the GCE,
since both hσviXX̄ and mχ can be determined by the GCE
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data, Eq. (9) can lead to a minimal requirement on the total
width Γ=M.
The diphoton excess suggests that the DM particles

inevitably annihilate into two-photon final states through
s-channel ϕ exchange, which results in a spectral line in the
generated gamma-ray flux with photon energy centered at
Eγ ¼ mχ . The spectral line is difficult to be mimicked by
conventional astrophysical contributions, and if observed,
can be a strong evidence for halo DM annihilation or decay.
If the diphoton excess is generated from XX̄ initial states,
from Eq. (1) and (5), it follows that

hσviγγ ¼
σγγ
σXX̄

Rγγ

RXX̄
hσviXX̄; ð10Þ

where σXX̄ is the cross section for the production of XX̄
final states through intermediate state ϕ from XX̄ fusion or
annihilation at the LHC, i.e., XX̄ → ϕ → XX̄. For a given
DM model, the values of Rγγ=RXX̄ is fixed. Thus, from the
Run-1 upper limit on σXX̄, one can obtain a lower limit on
hσviγγ. It was shown in Ref. [40] that a lower limit of
hσviγγ ≳ 4.8 × 10−30 cm3 s−1 can be obtained in a scalar
DM model with ϕ generated through gg fusion.
If ϕ is allowed to couple to Zγ, the DM annihilation can

generate a gamma-ray line with photon energy at Eγ ¼
mχð1 −m2

Z=4m
2
χÞ. The annihilation cross section for the

process χχ → ϕ → Zγ is related to that for χχ → ϕ → γγ as
follows:

hσviZγ ¼
σZγ
σγγ

~β6Zð4m2
χÞ

~β6ZðM2Þ hσviγγ; ð11Þ

where ~βXðsÞ ¼ ð1 −m2
X=sÞ1=2. Since σZγ=σγγ is a known in

a give model, a lower limit on hσviZγ can be obtained in a
similar way.

III. THE GALACTIC CENTER EXCESS

The annihilation of DM particles into XX̄ final states
generates diffuse gamma rays with a broad energy spectrum
due to hadronization, while the annihilation into γγ gen-
erates a line-shape spectrum with energy centered at the
DM particle mass. Both the signatures are under active
searches by the current DM indirect detection experiments.
The differential gamma-ray flux, averaged over a solid
angle ΔΩ is given by

dΦ
dE

¼ ηχρ
2
0r⊙

16π

hσvi
m2

χ

dNγ

dE
J; ð12Þ

where r⊙ ≈ 8.5 kpc is the distance from the Sun to the
GC, ρ0 ≈ 0.4 GeV=cm3 is the local DM density in the
solar neighborhood, and dNγ=dE is the gamma-ray spec-
trum per DM annihilation. The dimensionless J-factor

which contains the information of DM density distribution
is given by

J ¼
Z

dΩ
ΔΩ

Z
l:o:s

�
ρðrÞ
ρ0

�
2 ds
r⊙

; ð13Þ

where ρðrÞ is the spatial distribution of halo DM energy
density, with r the distance to the GC. The integration is to
be performed over the distance s along the light-of-sight
which is related to r through the relation r2 ¼ r2⊙þ
s2 − 2sr⊙ cosψ , where ψ is the angle of the direction
away from the GC. N-body simulations suggest a universal
DM density profile of the Navarro-Frenk-White (NFW)
form [50]

ρðrÞ ¼ ρs

�
r
rs

�
−γ
�
1þ

�
r
rs

�
α
�γ−β

α

; ð14Þ

which is characterized by the parameters α, β, γ, and a
reference scale rs ≃ 20 kpc. For the standard NFW profile,
α ¼ γ ¼ 1 and β ¼ 3. The normalization factor ρs is
determined by the local DM density ρðr⊙Þ ¼ ρ0.
We determine the favored values of mχ and hσviXX̄ for a

number of annihilation final states such as gg, bb̄, cc̄, anduū,
from fitting to theGCEdata derived inRef. [34]. In total there
are 24 data points. The spectra of the prompt gamma rays
dNγ=dE for DM annihilating into XX̄ are generated by the
Monte Carlo simulation package Pythia 8.201 [51]. For the
considered final states, the contributions from the inverse
Compton scatterings can be safely neglected. We choose a
modified NFW profile with an inner slope γ ¼ 1.26, as
suggested by the observed morphology of the gamma-ray
emission [26,27,30,34]. Making use of Eq. (12), the calcu-
lated diffuse gamma-ray fluxes are averaged over a square
region of interest (ROI) 20° × 20° in the sky with latitude
jbj < 2° masked out. The corresponding J-factor is
J ¼ 57.6. The best-fit DM particle masses and annihilation
cross sections and the corresponding χ2 and p-values are
summarized in Table I. In Fig. 1, we show the contours of the
allowed regions for the parameters mχ and hσviXX̄ at 68%
and 95% C.L. for two parameters, corresponding to Δχ2 ¼
2.3 and 6.0, respectively. As can be seen from the table, in

TABLE I. Values of DM mass and annihilation cross sections
determined from fitting to the GCE data. The DM particle is
assumed to be its own antiparticle.

Channel
mχ

(GeV)
hσvibb

ð10−26 cm3 s−1Þ χ2min=DOF p-value

bb̄ 46.15þ5.81
−3.53 1.42þ0.18

−0.17 24.572=22 0.32
cc̄ 35.54þ3.10

−4.12 0.95þ0.12
−0.12 25.626=22 0.27

uū 22.26þ2.83
−1.91 0.62þ0.10

−0.08 28.495=22 0.16
gg 62.01þ6.56

−6.35 1.96þ0.26
−0.24 24.665=22 0.31
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the DM interpretation of the GCE, the required DM particle
mass is in the range ∼ð20–70Þ GeV with a cross section
ð0.5–2Þ × 10−26 cm3 s−1. The most favored channel is bb̄.
We emphasize that the gg channel also gives reasonably good
fit with a larger DM mass ∼60 GeV, which is crucial for a
consistent explanationwith the diphoton excess, as gg fusion
is also the favored channel for the production of ϕ at the
LHC Run-2. These results are in good agreement with the
previous analysis in Ref. [53].
At present, the most stringent constraints on the DM

annihilation cross sections are provide by the Fermi-LAT
data on the diffuse gamma rays of the dwarf spheroidal
satellite galaxies (dSphs) [52]. These limits are also shown
in Fig. 1 for comparison purposes, where the limits on gg
channel was derived using a conservative rescaling
approach detailed in Ref. [40]. It is known that there is
an apparent tension between the GCE favored regions and
the Fermi-LAT limits. Note that the DM velocity dispersion
in the galactic halo is quite different from that in the dSphs.
The DM annihilation cross section favored by the GCE data
and constrained by the gamma rays of dSphs can only be
compared under the assumption that the cross section is
velocity independent, which is in general not the case.

In the analysis of the Fermi-LAT Collaboration, the
uncertainties in the J-factors were taken into account
assuming a NFW type parametrization of the DM density
profile. A recent analysis directly using the spherical Jeans
equations rather than taking a parametric DM density
profile as input showed that the J-factor can be smaller
by a factor about 2–4 for the case of Ursa Minor, which
relaxes the constraints on the DM annihilation cross section
to the same amount [54].
The annihilation of halo DM also generates cosmic-ray

particles such as protons/antiprotons, electrons/positrons
and neutrinos. Compared with gamma rays, the predictions
for the flux of cosmic-ray charged particles from DM
annihilation suffer from large uncertainties in the cosmic-
ray propagation models. For a DM particle mass below
∼100 GeV, the predicted p̄=p ratio peaks at lower energies
below ∼10 GeV, which suffer from additional uncertainties
due to the solar activities. The upper limits on the DM
annihilation cross section from the AMS-02 and PAMELA
data on p̄=p ratio for various channels have been studied
for various propagation models and DM density profiles
(see, e.g., [55–60]). In general, the obtained limits are
weaker than that derived from the gamma rays of dSphs.
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FIG. 1. (Upper panels) Left: Regions of DMmass and annihilation cross section allowed by the GCE data at 68% and 95% C.L. for the
scalar DM particle annihilating into gg final states through ϕ exchange. Upper limits on the annihilation cross section as a function of
DM particle mass for fixed values of Γ=M are shown. See text for detailed explanations. The horizontal line indicates the typical thermal
annihilation cross section of 3 × 10−26 cm3 s−1. The 95% C.L. upper limits from the Fermi-LAT data on the gamma rays from dSphs
[52] are also shown. The limits on gg channel was derived using a conservative rescaling approach detailed in [40]. Right: the same as
left but for DM annihilation into bb̄, cc̄, and uū final states. (Lower panels) The same as upper panels but for Majorana fermionic
DM model.
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The constraints from the cosmic-ray positrons depends
strongly on the annihilation final states. For leptonic final
states such as eþe− and μþμ−, the derived upper limits from
the AMS-02 positron flux can reach the typical thermal cross
section for DM particle mass below 50–100 GeV [61]. But
for hadronic final states such as bb̄, the corresponding limits
are rather weak, typically atOð10−24Þ cm3 s−1. The gg final
state generates a softer positron spectrum in comparisonwith
the bb̄ final states. Thus, the corresponding limits are
expected to be even weaker.

IV. DM MODELS

We focus on the scenario where the 750 GeV resonance
ϕ is a pseudo-scalar particle. The UVorigins of the pseudo-
scalar ϕ can be axion-like particles from the breaking of the
Peccei-Quinn symmetry [62], pesudo-Goldstone boson
from composite Higgs models [63], or from the extended
Higgs sectors of the SM [64–72] or left-right symmetric
models [73–82]. A pseudo-scalar does not mix with the
SM Higgs boson and is less constrained by the measured
properties of the Higgs boson. We assume that ϕ can couple
to the SM gauge bosons, quarks, and Higgs boson
indirectly through heavy intermediate states (see, e.g.,
Refs. [83]). Since ϕ is much heavier than the electroweak
(EW) scale, we start with EW gauge-invariant effective
interactions up to dimension-five

−L ⊃ g21ϕ

�
BμνBμν

2Λ
þ Bμν

~Bμν

2 ~Λ

�

þ g22ϕ
�
Wa

μνWaμν

2Λ
þWa

μν
~Waμν

2 ~Λ

�

þ g2gϕ

�
GμνGμν

2Λ
þ Gμν

~Gμν

2 ~Λ

�

þ
�

1

Λq
ϕq̄LHqR þ H:c:

�
; ð15Þ

where for the SM gauge fields ~Fμν ¼ 1
2
ϵμναβFαβ

ðF ¼ B;W;GÞ, H is the SM Higgs doublet, g1;2;g are

the dimensionless effective coupling strengths, Λ, ~Λ, and
Λq are heavy scales, and Λq can be complex. After the EW
symmetry breaking, the interaction terms involving physi-
cal EW gauge bosons A, Z, and W� are given by

−L ⊃ g2Aϕ

�
AμνAμν

2Λ
þ Aμν

~Aμν

2 ~Λ

�

þ g2Wϕ

�
WμνWμν

2Λ
þWμν

~Wμν

2 ~Λ

�

þ g2Zϕ

�
ZμνZμν

2Λ
þ Zμν

~Zμν

2 ~Λ

�

þ g2ZAϕ

�
ZμνAμν

2Λ
þ Zμν

~Aμν

2 ~Λ

�

þ g2gϕ

�
GμνGμν

2Λg
þGμν

~Gμν

2 ~Λg

�

þ ϕq̄ðyq þ iγ5 ~yqÞq; ð16Þ

where the physical gauge couplings gA, gZ, gZA, and gW are
related to that in the gauge basis as

g2A ¼ g21c
2
W þ g22s

2
W; g2Z ¼ g21s

2
W þ g22c

2
W;

g2ZA ¼ 2sWcWðg22 − g21Þ; g2W ¼ g22; ð17Þ

with s2W ¼ 1 − c2W ¼ sin2θW ≈ 0.23. For the three extreme
cases, g1 ¼ 0, g1 ¼ g2, and g2 ¼ 0, the partial widths of
ZZ, Zγ, and WW relative to that of γγ and the values of κ
are listed in Table II. We should focus on the case of g2 ¼ 0,
namely, ϕ is not charged under the SUð2ÞL gauge group.
Note that the case of g1 ¼ 0 is severely constrained by the
Run-I data on the Zγ and ZZ production rates, as it can be
seen from Eq. (3) and Table II. The related phenomenology
in the case of g1 ¼ g2 is similar to that in the case of g2 ¼ 0,
except that the DM annihilation into Zγ is forbidden. Thus,
there is no gamma-ray line generated from Zγ final states.
The Yukawa couplings in Eq. (16) are given by

yq ¼
v0ffiffiffi
2

p ReΛq

jΛqj2
; ~yq ¼

v0ffiffiffi
2

p ImΛq

jΛqj2
; ð18Þ

where v0 ¼ 246 GeV is the vacuum expectation value of
the Higgs field. The Yukawa interaction can be induced
from the exchange of heavy intermediate particles, for
instance, EW gauge singlet or doublet vector-like quarks
(see e.g. [84]). For vector-like quark models, the current
lower limit from Run-1 on the vector-like tops is about
800 GeV [85,86]. The constraints from the tree-level flavor
changing neutral current process can be avoided by
assuming the couplings only to the third generation SM
quarks, and the constraints from the EWoblique parameters
S and T, Rb and the value of CKMmatrix element jVtbj can
be relaxed by assuming small mixings with the SM quarks.
Note that in order to explain the large cross section of the
diphoton excess, the ϕ couplings to the vector-like quarks is
close to the limit of validity of the perturbation. The
coupling can be reduced if multiple vector-like quarks
are introduced. In multi-Higgs-doublet extensions of the

TABLE II. Ratios of ϕ decay widths ΓZZ=Γγγ , ΓZγ=Γγγ ,
ΓWW=Γγγ , and the value of κ defined in Eq. (4) for three cases
of ϕ couplings with the SM gauge bosons, g1 ¼ 0, g1 ¼ g2, and
g2 ¼ 0, respectively.

Models ΓZZ=Γγγ ΓZγ=Γγγ ΓWW=Γγγ κ

g1 ¼ 0 10 6.4 35 53
g1 ¼ g2 0.9 0 1.9 3.8
g2 ¼ 0 0.081 0.57 0 1.7
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SM, if ϕ is identified as the pseudo-scalar component of
the extra Higgs double Hi, it can directly couple to the SM
quarks through the additional Yukawa interaction q̄LHiqR,
which also results in the same kind of Yukawa interaction
in Eq. (16). However, simple two-Higgs-double models
(2HDMs) have difficulties in reproducing the diphoton
excess, as the diphoton is generated dominantly from the
top-quark loop, which requires a large top-quark Yukawa
coupling to ϕ already in severe tension with the Run-1
limits on tt̄ production [87]. Extending the 2HDMs with
vector-like quarks, it is still possible to explain the diphoton
excess without violation the known constraints.
The partial decay widths for ϕ decaying into the SM

gauge bosons and the fermions are given by

Γγγ

M
¼ πα2A

�
M2

Λ2
þM2

~Λ2

�
;

Γgg

M
¼ 8πα2g

�
M2

Λ2
g
þM2

~Λ2
g

�
;

Γqq̄

M
≈

3

8π
ðy2q þ ~y2qÞ; ð19Þ

where αA;g ¼ g2A;g=4π. The expression of Γqq̄ is valid in the
limit mq=M ≪ 1 which is well justified as M ≈ 750 GeV.
For the spin nature of DM particles, we consider three
classes of models where the DM particles can be scalar,
fermionic, and vector, which is discussed in detail in the
next subsections.

A. Real scalar DM

In the real scalar DM model, the Lagrangian for the DM
particle χ and its interaction with ϕ is given by

L ⊃
1

2
∂μχ∂μχ −

1

2
m2

χχ
2 −

1

2
gχϕχ2; ð20Þ

where gχ is a dimensionful coupling strength, and we have
only included the most relevant interaction terms. The
stability of χ is protected by assuming a Z2 symmetry
which prohibit the interaction term ϕ2χ. Other possible
interaction terms such as λϕ2χ2=4 are less important in DM
annihilation and are neglected by assuming small cou-
plings. In this model, the decay width of ϕ into DM
particles is Γχχ ¼ g2χβχðM2Þ=ð32πMÞ.
For DM annihilation into gg final states, the correspond-

ing factor Rgg defined in Eq. (5) is given by

Rgg ¼ 16

�
mχ

M

�
4

; ð21Þ

which is typically of Oð10Þ−4 for mχ ≈ 60 GeV. In this
case, Eq. (9) can be rewritten as

�
Γ
M

�
scalar;gg

≥
β1=2χ ðM2Þhσvi1=2gg M2

8π1=2mχ

: ð22Þ

For a given value of Γ=M, the above inequality can be
interpreted as the upper limit on hσvigg as a function of mχ .
In the upper-left panel of Fig. 1, we show this relation for
three choices of Γ=M ¼ 0.06, 0.03, and 0.02, respectively.
If hσvigg is required to meet the thermal value hσviF, it can
be seen that the DM particle mass has to be larger than
∼65 GeV (90 GeV) for Γ=M ¼ 0.03 (0.02). While for
Γ=M ¼ 0.06, the constraint on the DM particle mass is
rather weak.
If Γ=M is not fixed, using the best-fit values of mχ and

hσvigg for gg channel from Table I, a lower limit on the
required total width of ϕ can be obtained as follows:

�
Γ
M

�
scalar;gg

≳ 0.026

�
M

750 GeV

�
2
�
62 GeV

mχ

�

×

� hσvigg
2.0 × 10−26 cm3 s−1

�
1=2

: ð23Þ

Thus, the GCE required typical minimal width-to-mass
ratio is quite large of Oð10−2Þ, which is currently favored
by ATLAS, and can be confirmed or ruled out soon by the
upcoming LHC updated results. Assuming ϕ is generated
dominantly by gg fusion, a combined fit to both the data of
diphoton excess and GCE in this model has been carried
out in Ref. [40], which showed that the total width of ϕ is
dominated by Γχχ, and the favored partial widths Γgg=M
and Γγγ=M are of Oð10−3Þ and Oð10−5Þ, respectively.
According to Eq. (7), there are actually two solutions for

Γgg=M. We update the previous analysis by considering
wider ranges of parameters and including the contribution
from photon fusion which is non-negligible when Γgg=M is
belowOð10−4Þ. In Fig. 2, we show the regions of the partial
decay widths allowed by the diphoton excess and GCE in
wide ranges of parameter space in (Γgg=M, Γγγ=M) and
(Γχχ=M, Γγγ=M) planes. The allowed regions are at 68%
and 95% C.L. for two parameters, corresponding to Δχ2 ¼
2.3 and 6.0, respectively, together with the allowed regions
by each individual experiment, for the case of Γ=M ¼ 0.06
and 0.03. It can be clearly seen that there is another solution
located at Γgg=M ≈ Γ=M which corresponds to the case
where the total width is dominated by gluon final states.
However, this solution is ruled out by the limit on the dijet
production at Run-1, as can be seen from the figure.
If the diphoton events are generated from parton level qq̄

annihilation, the situation is quite different. For qq̄ anni-
hilation channel, the function Rqq̄ is given by

Rqq̄ ¼ 4
βqð4m2

χÞ
βqðM2Þ

�
mχ

M

�
2

: ð24Þ
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Since Rqq̄ is proportional to ðmχ=MÞ2 instead of ðmχ=MÞ4,
the lower limit on Γ=M can be much smaller. For DM
annihilation dominantly into bb̄ final states, Eq. (9) can be
rewritten as

�
Γ
M

�
scalar;bb̄

≳ β1=2χ ðM2Þhσvi1=2
bb̄

M

4π1=2
: ð25Þ

Note that for bb̄ final states, it is determined by hσvibb̄
alone, as the leading mχ dependence cancels out in Eq. (9).
This observation holds for all the qq̄ final states. In the
upper-right panel of Fig. 1, we show the maximally allowed
value of hσvi as a function of DM particle mass for three
choices of Γ=M ¼ 0.006, 0.003, and 0.002, respectively. If
hσvibb̄ is required to be equal to hσviF, we find that the
required Γ=M should be above∼0.006, which is insensitive
to the DM particle mass.
Using the best-fit values ofmχ and hσvibb̄ for bb̄ channel

in Table I, the corresponding minimal value of the width-to-
mass ratio is found to be

�
Γ
M

�
scalar;bb̄

≳ 3.6 × 10−3
�

M
750 GeV

�

×

� hσvibb̄
1.4 × 10−26 cm3 s−1

�
1=2

: ð26Þ

Similarly, for the cc̄ channel, the minimal width is given by

�
Γ
M

�
scalar;cc̄

≳ 3.0 × 10−3
�

M
750 GeV

�

×

� hσvicc̄
0.95 × 10−26 cm3 s−1

�
1=2

: ð27Þ

Thus for qq̄ annihilation, the required minimal width-to-
mass ratio can be reduced to Oð10−3Þ, an order of
magnitude lower than that in the case of gg fusion.
We perform analogous χ2 fits to the data of diphoton

excess and the GCE in bb̄ and cc̄ channels to determine the
allowed values of the parameters mχ , Γχχ=M, Γqq̄=M, and
Γγγ=M for two typical values of total width Γ=M ¼ 0.06
and 0.006, respectively. For the diphoton excess, we take a
naively weighted average of ATLAS and CMS results

/MggΓ
-510 -410 -310 -210 -110

/M
γγΓ

/M
γγΓ

/M
γγΓ

/M
γγΓ

-710

-610

-510

-410

-310

-210

-110 /M=0.06ΓScalar DM, gg, 

GCE

diphoton

 limitγγRun-I

di
je

t l
im

it

68%CL

95%CL

/MχχΓ
-510 -410 -310 -210 -110

-710

-610

-510

-410

-310

-210

-110 /M=0.06ΓScalar DM, gg, 

GCE

diphoton

 limitγγRun-I

68%CL

95%CL

/MggΓ
-510 -410 -310 -210 -110

-710

-610

-510

-410

-310

-210

-110 /M=0.03ΓScalar DM, gg, 

GCE

diphoton

 limitγγRun-I
di

je
t l

im
it 68%CL

95%CL

/MχχΓ
-510 -410 -310 -210 -110

-710

-610

-510

-410

-310

-210

-110 /M=0.03ΓScalar DM, gg, 

GCE

diphoton

 limitγγRun-I

68%CL

95%CL

FIG. 2. (Upper panels) Left: Allowed regions at 60% and 95% C.L. in (Γgg=M, Γγγ=M) plane from a combined fit to both the LHC
diphoton excess and the GCE in a scalar DM model with gg fusion, together with the regions allowed by each individual experiment.
The upper limits from Run-1 on the dijet and diphoton production cross sections are also shown. The total width is fixed at Γ=M ¼ 0.06.
Right: The same as the upper left, but in (Γχχ=M, Γγγ=M) plane. (Lower panels) The same as upper panels but for Γ=M ¼ 0.03.
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σγγ ¼ 8� 2.1 fb. The Run-1 limits on dijet and diphoton
productions are taken into account. For the fit to the GCE,
the data and the selection of the region of interest in the sky
are the same as the fit in Sec. III. The results of the best-fit
values and uncertainties of these parameters are summa-
rized in Table III. Compared with the fits to the GCE data
alone, there are no significant changes in the determined
DM particle mass. The values of χ2=DOF are also com-
parable, which indicates that the diphoton excess and GCE
can be consistently explained in this model.
The allowed regions for the partial decay widths at 68%

and 95% C.L., together with the allowed regions by each
individual experiment, for the case of Γ=M ¼ 0.06 ð0.006Þ
are shown in Fig. 3 (Fig. 4). For the qq̄ annihilation
channels, the two solutions of Eq. (7) can be seen as the two
well-separated regions characterized by

Γχχ

M
≈

Γ
M

;
Γqq̄

M
≪

Γχχ

M
; ðiÞ

Γqq̄

M
≈

Γ
M

;
Γχχ

M
≪

Γqq̄

M
: ðiiÞ ð28Þ

The solution (i) corresponds to case of DM dominance
while the solution (ii) corresponds to the quark dominance
in the total width. In qq̄ channels, the Run-1 dijet constraint
does not apply. However, the Run-1 constraint on the
diphoton production cross section σγγ becomes relevant. In
the large width case with Γ=M ¼ 0.06, for both the bb̄ and
cc̄ channels, the solution (i) is ruled out by the Run-1 limit
on the diphoton production, as the required Γγγ is above
Oð10−3Þ. The solution (ii) is consistent with the data, and
the favored Γχχ=M are of Oð10−5Þ, and Γγγ=M are of
Oð10−4Þ. In solution (ii), from Γqq̄=M ≈ Γ=M ¼ 0.06, the
size of the Yukawa coupling is found to be y2q ≈ 0.5 which
is marginally within the perturbative regime. In the small
width case with Γ=M ¼ 0.006, for bb̄ channel, both the
solutions are close to the Run-1 diphoton limit. But the
solution (ii) is favored against solution (i). For the cc̄
channel, the situation is similar. In the small width case

Γ=M ¼ 0.006, the favored Γχχ=M is comparable with Γγγ ,
both are of Oð10−4Þ. The determined values of mχ and
hσvibb̄;cc̄ for solution (ii) are listed in Table III.
Since in the qq̄ channel, the total width is not DM

dominated. The predicted cross section for gamma-ray lines
which is proportional to ΓχχΓγγ can be smaller. In Fig. 6, we
give the predicted cross sections for DM annihilation into γγ
which gives rise to the gamma-ray spectral lines, based on the
parameters determined from the fit results listed in Table III
for bb̄ and cc̄ channels with two different values of
Γ=M ¼ 0.06 and 0.006, respectively. In all the cases the
predictions are well below the current upper limits set by
Fermi-LAT. For Γ=M ¼ 0.06, the predicted cross section
hσviγγ is ∼5 × 10−31 cm3 s−1 for bb̄ channel, and hσviZγ is
below ∼10−31 cm3 s−1. For cc̄ channel, the predicted cross
section hσviγγ is ∼1 × 10−31 cm3 s−1. The Zγ final state is
kinematically forbidden due to th low mass of the DM
particle. For Γ=M ¼ 0.06, the predictions are relatively
higher, which is due to the fact that a larger Γχχ=M of
Oð10−4Þ is favored.

B. Fermionic DM

For fermionic DM, we focus on the case where χ is a
Majorana fermion. The results for the Dirac DM particle
can be obtained in a straightforward way. The Lagrangian
for the Majorana DM particle and its interaction with ϕ is
given by

L ⊃
1

2
χ̄ðiγμ∂μ −mχÞχ −

1

2
yχ χ̄iγ5χϕ: ð29Þ

Note that the χ̄χϕ type of interaction leads to velocity-
suppressed DM annihilation cross section, which is to small
and can be neglected. In this model, the decay width of ϕ
into DM particles is Γχχ ¼ y2χMβχðM2Þ=16π. For the DM
annihilation into gg and qq̄ final states, the corresponding
RXX̄ factors are

Rgg ¼ 64

�
mχ

M

�
6

and Rqq̄ ¼ 16
βqð4m2

χÞ
βqðM2Þ

�
mχ

M

�
4

: ð30Þ

TABLE III. Values of DM mass mχ , partial width-to-mass ratios Γγγ=M and Γχχ=M determined from combined fits to both the LHC
diphoton excess and the GCE in scalar and fermoinic DM models with constraints from Run-1 data on the dijet and diphoton searches
included. For scalar DM models, the results for the cases of ϕ coupling dominantly to bb̄ or cc̄ with total width Γ=M ¼ 0.06 and 0.006
are given. For fermionic DM models, the results are for Γ=M ¼ 0.06. The corresponding χ2=DOF and p-values for each fit are also
shown.

Channel Γ=M mχ (GeV) Γγγ=Mð×10−4Þ Γχχ=M χ2min=DOF p-value

Scalar DM, bb̄ 0.06 46.15þ5.81
−3.53 1.90þ0.49

−0.50 5.52þ0.68
−0.68 × 10−5 25.418=23 0.33

0.006 46.15þ5.81
−3.53 2.04þ0.46

−0.48 6.56þ0.97
−0.92 × 10−4 24.578=23 0.37

Scalar DM, cc̄ 0.06 35.54þ3.10
−4.12 0.81þ0.21

−0.21 3.80þ0.47
−0.47 × 10−5 26.664=23 0.27

0.006 35.54þ3.10
−4.12 0.89þ0.23

−0.23 4.11þ0.56
−0.54 × 10−4 26.311=23 0.29

Fermionic DM, bb̄ 0.06 46.20þ6.37
−2.68 4.55þ2.39

−2.11 3.49þ0.85
−1.75 × 10−2 24.906=23 0.36

Fermionic DM, cc̄ 0.06 36.48þ3.13
−2.11 1.62þ0.82

−0.55 3.01þ0.81
−0.85 × 10−2 27.048=23 0.25
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For gg annihilation final states in this model, the Eq. (9) can
be written as

�
Γ
M

�
fermion;gg

≥
β1=2χ ðM2Þhσvi1=2gg M3

8π1=2m2
χ

: ð31Þ

Since in this model the Rgg factor is proportional to
ðmχ=MÞ6, the required total width is quite large. In the
lower-left panel of Fig. 1, we show the upper limit on
hσvigg as a function of mχ for three choices of Γ=M ¼ 0.5,
0.2, and 0.06, respectively. For DM particle mass below
∼100 GeV, the value of hσvigg is far below the typical
thermal cross section. For a consistent explanation to the
DM relic density, the required DM particle mass should be
above ∼150 GeV, for Γ=M ¼ 0.06. In fermionic DM
model, the factor Rqq̄ is the same as Rgg in the scalar
DM model. Thus, the upper limit on the cross sections can
be obtained from that in the scalar DMmodel by a rescaling
factor 1=sχ ¼ 1=4.
For gg channel, using the best-fit values ofmχ and hσvigg

in Table I, the corresponding minimal value of the width-to-
mass ratio is found to be

�
Γ
M

�
fermion;gg

≳ 0.31
�

M
750 GeV

�
3
�
62 GeV

mχ

�
2

×
� hσvigg
1.96 × 10−26 cm3 s−1

�
1=2

: ð32Þ

Such a large with is not favored by the current experimental
data and is theoretically unnatural.
For qq̄-channel, since Rqq̄ is proportional to ðmχ=MÞ4,

the required total width is similar to the case of gg-channel
of scalar DM. For bb̄ channel, it is found that

�
Γ
M

�
fermion;bb̄

≳ 0.058

�
M

750 GeV

�
2
�
46 GeV

mχ

�

×

� hσvibb̄
1.42 × 10−26 cm3 s−1

�
1=2

; ð33Þ

and the result is similar for the cc̄ channel

�
Γ
M

�
fermion;cc̄

≳ 0.062

�
M

750 GeV

�
2
�
35.5 GeV

mχ

�

×

� hσvicc̄
0.95 × 10−26 cm3 s−1

�
1=2

: ð34Þ
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FIG. 3. The same as Fig. 2, but for scalar DM models with ϕ generated from bb̄ (upper panels) and cc̄ (lower panels) annihilation at
the LHC for Γ=M ¼ 0.06.
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We perform χ2-fit to the diphoton and GCE data in the
fermionic DM model for bb̄ and cc̄ channels with
Γ=M ¼ 0.06. The determined parameters are shown in
Table III, and the allowed regions of the parameters
in (Γbb̄=M, Γγγ=M) and (Γχχ=M, Γγγ=M) planes are shown
in Fig. 5. Compared with the same channel in the scalar
DM model, a visible change in the allowed regions is that
the regions corresponding to the two solutions merge
together, which is due to the fact that in fermionic DM
models, the value of Δ is quite small as the minimally
required width is close to 0.06. The determined values of
Γqq̄=M and Γχχ=M are roughly the same order of magni-

tude about Oð10−2Þ. The allowed regions are consistent
with the Run-1 limit on cross section of the diphoton
production.
Since in the fermionic DM model, Γχχ=M can reach

Oð10−2Þ, it is expected that the predicted cross sections for
the gamma-ray line are significantly larger than that in the
scalar DM model. In Fig. 7, we show the predicted cross
sectionsinthismodelforbb̄andcc̄channelwithΓ=M ¼ 0.06.
The cross section can reachOð10−29Þ cm3 s−1, which is very
close to the current Fermi-LAT limit and can be tested in the
future by Fermi-LAT, HESS, and CTA.

In the case where χ is Dirac, the corresponding values of
RXX̄ are the same. However, the required product of
ðΓχχ̄=MÞðΓXX̄Þ=M increases by a factor of four from
Eqs. (5) and (12). Thus, the required total width Γ=M is
expected to be larger compared with all the cases of
Majorana DM.

C. Vector DM

In the case where the DM particle is a Majorana fermion,
the Lagrangian for DM and its interaction with ϕ is
given by

L ⊃
1

4
χμνχ

μν −
1

2
m2

χχμχ
μ −

1

2
gχϕχμχμ: ð35Þ

For χχ → ϕ → gg, qq̄, the corresponding RXX̄ factors are
given by

Rgg ¼
192m8

χ

M8Tðmχ=MÞ ; Rqq̄ ¼
64m6

χβqð4m2
χÞ

M6βqðM2ÞTðmχ=MÞ ;

ð36Þ

where TðxÞ ¼ 1 − 4x2 þ 12x4. Since in vector DM model
Rgg ∝ ðmχ=MÞ8 and Rqq̄ ∝ ðmχ=MÞ6, it is expected that a
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FIG. 4. The same as Fig. 3 but for Γ=M ¼ 0.006.
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very large Γ=M is required. For gg channel, the minimally
required width is given by

�
Γ
M

�
vector;gg

≳ 3.3

�
M

750 GeV

�
4
�
62 GeV

mχ

�
3

×

� hσvigg
1.96 × 10−26 cm3 s−1

�
1=2

; ð37Þ

and for qq̄ channel

�
Γ
M

�
fermion;bb̄

≳ 0.73

�
M

750 GeV

�
3
�
46 GeV

mχ

�
2

×

� hσvibb̄
1.42 × 10−26 cm3 s−1

�
1=2

: ð38Þ

/MbbΓ
-510 -410 -310 -210 -110

/M
γγΓ

/M
γγΓ

/M
γγΓ

/M
γγΓ

-510

-410

-310

-210

-110
/M=0.06Γ,bMajorana DM, b

GCE

diphoton
 limitγγRun-I

68%CL

95%CL

/MχχΓ
-510 -410 -310 -210 -110

-510

-410

-310

-210

-110
/M=0.06Γ,bMajorana DM, b

GCE

diphoton

 limitγγRun-I

68%CL

95%CL

/MccΓ
-510 -410 -310 -210 -110

-510

-410

-310

-210

-110
/M=0.06Γ,cMajorana DM, c

GCE

diphoton
 limitγγRun-I

68%CL

95%CL

/MχχΓ
-510 -410 -310 -210 -110

-510

-410

-310

-210

-110
/M=0.06Γ,cMajorana DM, c

GCE

diphoton

 limitγγRun-I

68%CL

95%CL

FIG. 5. The same as Fig. 3 but for the Majoranna fermionic DM model.
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The results for the cc̄ channel is similar to that in the bb̄
channel. Thus, in all the cases, the required ϕ width are too
large and already ruled out by the current Run-2 data,
which indicates that the vector DM model cannot provide a
consistent explanation to the LHC Run-2 diphoton excess
and the GCE.

V. DISCUSSIONS AND CONCLUSIONS

When parity violating couplings of ϕ to SM particles are
allowed, interaction terms such as ϕGμνGμν and q̄qϕ are
possible. However, for these type of interactions, the corre-
sponding DM-nucleon scattering cross sections are not
suppressed by the halo DM velocity and are strongly
correlated with the DM annihilation cross section, as they
depend on the same combination of couplings. For instance,
in the real scalar DM model, the cross section for spin-
independent elastic DM-nucleon scattering can bewritten as

σ0 ¼
μ2χN
π

hσviggðbb̄Þ
m2

χ
ξggðbb̄Þ; ð39Þ

where μχN is the DM-nucleon reduced mass. The

coefficients are given by ξgg ¼ π ~f2gm2
N=64m

2
χ with fg ¼

8πfðpÞTG=9αs, and ξbb̄ ¼ πf2b=3 with fb ¼ 2fðpÞTGmN=27mb,

where fðpÞTG ≃ 0.84. Taking the annihilation cross sections
hσvigg;qq ≃ 2 × 10−26 cm3 s−1 and parameters mχ ¼
40 GeV, M ¼ 750 GeV, mb ¼ 4.25 GeV and the QCD
coupling αs ¼ 0.3, the scattering cross section estimated
as σ0 ≃ 1.7 × 10−43ð2 × 10−44Þ cm2 for ϕGμνGμνðq̄qϕÞ
type of interaction. However, the current excluding limit
from LUX reaches 7.8 × 10−46 cm2 at mχ ≃ 40 GeV [89].

Thus, if the annihilation cross sections for χχ → ϕ → gg, q̄q
are set to reproduce theGEC data, the predictedDM-nucleon
scattering cross sections are too large and ruled out by the
current DM direct detection experiments.
Besides the lower limit on hσviγγ, one can also derive a

lower limit on Γχχ from the Run-I limit on dijet production
cross section. Since the dijet production cross section and
the DM annihilation cross section are related to the
couplings as σjj ∝ Γ2

gg=Γ and hσvigg ∝ ΓggΓχχ , respec-
tively, in the case where the total width is dominated by
ϕ decay into DM particles and gluons, i.e., Γ ≈ Γχχ þ Γgg,
an upper limit on σjj can be translated as a lower limit on
Γχχ . For instance, in the scalar DM model with gluon
fusion, taking the best fit values of mχ ¼ 62 GeV and
hσvi ¼ 1.96 × 10−26 cm3 s−1, it is found that ðΓχχ=MÞ ≥
0.024, corresponding to the coupling g2χ=ð4πM2Þ ≥ 0.19,
which is quite large but still within the perturbation regime.
In summary, we have investigate the conditions for a

consistent explanation for possible the LHC diphoton
excess and GCE, especially the requirement on total width
of ϕ in a wide range of DM models where the DM particle
can be scalar, fermionionic, and vector, and ϕ can be
generated by s-channel gluon fusion or quark-antiquark
annihilation (bb̄ and cc̄) at parton level. We have shown
that the required Γ=M is determined by a single parameter
proportional to ðmχ=MÞn. We have found that three models
can explain the two excesses successfully: (i) scalar DM
model with ϕ coupling dominantly with qq̄, the minimally
required Γ=M can be as low as Oð10−3Þ; (ii) scalar DM
model with ϕ coupling dominantly with gg, the required
Γ=M is about Oð10−2Þ; (iii) fermionic DM model with
coupling dominantly with qq̄, the required Γ=M reaches
Oð10−2Þ. Other models such as the vector DM model
requires larger Γ=M of order one which is already dis-
favored by the current data. For the same DM model, the
required width of ϕ is always smaller in qq̄ channel than
that in the gg channel. For the DM models which can
simultaneously account for the diphoton excess and the
GCE, the predicted cross sections for gamma-ray line are
typically ofOð10−30Þ cm3 s−1, which is close to the current
limits imposed by the Fermi-LAT data. These models can
be distinguish soon by the updated LHC data, through the
measurement of the total width, and Fermi-LAT data on the
gamma-ray line searches in the near future.
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