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We consider a dark sector with SU (3)C × U (1)Y × U (1)X and three families of dark fermions that are 
chiral under dark U (1)X gauge symmetry, whereas scalar dark matter X is the SM singlet. U (1)X dark 
symmetry is spontaneously broken by nonzero VEV of dark Higgs field 〈�〉, generating the masses of 
dark fermions and dark photon Z ′ . The resulting dark Higgs boson φ can be produced at the LHC by dark 
quark loop (involving 3 generations) and will decay into a pair of photon through charged dark fermion 
loop. Its decay width can be easily ∼ 45 GeV due to its possible decays into a pair of dark photon, which 
is not strongly constrained by the current LHC searches pp → φ → Z ′ Z ′ followed by Z ′ decays into the 
SM fermion pairs. The scalar DM can achieve thermal relic density without conflict with direct detection 
bound or the invisible φ decay into a pair of DM.

© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Recently both ATLAS and CMS Collaborations announced that 
there are some excess in the diphoton channel around mγ γ ≈
750 GeV [1,2]:

σ(pp → φ → γ γ ) = (6.2+2.4
−2.0) fb (ATLAS) (1)

= (5.6 ± 2.4) fb (CMS) (2)

�tot(φ) ∼ 45 GeV (ATLAS) (3)

whereas the CMS data prefers a smaller decay width [2]. Further-
more, at Moriond 2016, ATLAS and CMS have reported that the lo-
cal (global) significances of the diphoton excess are about 3.9(2.0)σ
and 3.4(1.6)σ , respectively, where CMS added 0.6 fb−1 new data to 
the 13 TeV analysis and combined with 8 TeV data [3,4].

This excess motivated a lot of phenomenological study on pos-
sible scenarii of new physics beyond the Standard Model (BSM) 
which include models related to DM physics [5–12,44,13–43], new 
gauge symmetry models [13,20,23,35,38–40,43,45–57] and other 
models [58–161]. It is not easy to generate a large enough width 
∼ 45 GeV with large B R(φ → γ γ ), maintaining relevant cross sec-
tion of σ(pp → φ → γ γ ) ∼ O (10) fb and evading various collider 
search bounds.

In this letter, we solve these problems by introducing dark 
U(1)X gauge symmetry, dark photon Z ′ , three generations of dark 
fermions with SU (3)C × U (1)Y charges and singlet scalar DM X . 
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Dark photon Z ′ can decay into SM fermions via a small Z –Z ′ mix-
ing. Dark fermions are assumed to be chiral under U(1)X dark 
gauge symmetry and get massive after spontaneous breaking of 
U(1)X by nonzero VEV of U(1)X -charged complex scalar field �, 
and a new Higgs boson φ appears from �. This simple setup for 
dark matter is a viable DM scenario with interesting signatures at 
high energy colliders.

2. Model

Let us introduce a dark sector with new dark fermions which 
carry both the SM SU (3)C × U (1)Y quantum numbers and dark 
U(1)X gauge charges, and a SM singlet complex scalar field X as 
summarized in Table 1. In this model, every right-handed fermion 
f R in the SM has its partner fermion F L with nonzero dark charge 
in the dark sector. Then the F L f R operator becomes invariant un-
der the SM gauge transformation. Its nonzero dark charge is can-
celed by the dark charge of scalar DM X in such a way that F L f R X
becomes gauge invariant operator. And F L becomes vectorlike un-

Table 1
Contents of new fermions and scalar fields and their charge assignments under the 
gauge symmetry SU(3) ×SU(2)L ×U(1)Y ×U(1)X . We consider three families of dark 
fermions.

Fermions Scalar

EL E R NL NR U L U R D L D R � X

SU(3) 1 1 1 1 3 3 3 3 1 1
SU(2) 1 1 1 1 1 1 1 1 1 1
U(1)Y −1 −1 0 0 2

3
2
3

−1
3

−1
3 0 0

U(1)X a −b −a b −a b a −b a + b a
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der the SM gauge group by introducing its chiral partner F R . The 
model is very simple and free from gauge anomalies for arbitrary 
a and b. A novel feature of this model is that the new fermions F L

and F R are chiral under dark U(1)X gauge symmetry so that they 
are massless before spontaneous symmetry breaking. And their ef-
fects on φ → gg, γ γ through triangle diagram evades from the 
decoupling theorem as their mass becomes heavy.

The Yukawa interactions and the scalar potential including new 
fields in the dark sector are described by

LYukawa = yE Ē L E R� + yN N̄L NR�† + yU Ū L U R�†

+ yD D̄ L D R� + yEe Ē LeR X + yU uŪ LuR X†

+ yDd D̄ LdR X + h.c., (4)

V = μ2 H† H + λ(H† H)2 + μ2
��†� + μ2

X X† X

+ λ�(�†�)2 + λX (X† X)2 + λH�(H† H)(�†�)

+ λH X (H† H)(X† X) + λX�(X† X)(�†�), (5)

where H denotes the SM Higgs field.1 We have suppressed the 
generation indices on the SM and the dark fermions for sim-
plicity. The Yukawa interactions provide mass terms for the dark 
fermions F , which decay through F → X f . X is the SM singlet 
and can be a good DM candidate. Note that there is an accidental 
Z2 symmetry, X → −X , F L → −F L and F R → −F R which make 
X stable at renormalizable level. There could be gauge invariant 
operators that break this accidental Z2 symmetry: X†�n and/or 
X�n which would generate nonzero VEV for X after U(1)X sym-
metry breaking by nonzero 〈�〉 	= 0. Gauge invariance requires that 
±a/(a + b) = n to be an integer. We can forbid this type of opera-
tors by making a judicious choice of a, b so that ±a/(a + b) is not 
an integer. Or we can make n very large so that even if X develops 
a nonzero VEV, the lifetime of X becomes long enough (τX � 1028

sec) to be a good DM candidate. This model can be considered as 
a generalization of the singlet portal extensions of the SM where 
dark matter lives in the dark sector [166], but the dark sector now 
contains dark fields which are charged under the SM gauge group 
as well as dark gauge group, unlike the earlier models [166].

The gauge symmetry is broken after H and � get non-zero 
VEVs:

H =
(

G+
1√
2
(v + h + iG0)

)
, � = 1√

2
(vφ + φ + iGφ), (6)

where G± , G0 and Gφ are NG bosons which are absorbed by W ± , 
Z and Z ′ respectively. We shall call φ as dark Higgs boson, since it 
appears as a result of spontaneous breaking of dark U(1)X gauge 
symmetry.

We assume λH� is negligible and the mixing between SM Higgs 
boson h and φ is negligibly small which is consistent with the 
current Higgs data analysis [167]. Then the scalar VEVs are given 
approximately by

v �
√

−μ2

λ
, v� �

√
−μ2

�

λ�

. (7)

The masses of new fermions are generated such that

1 For a = b = 1, there appears an extra term �† X2 in the potential, which 
breaks U(1)X down to Z2 subgroup after S develops nonzero VEV. Likewise, for 
3a = (a + b), there appears an extra term �† X3, which breaks U(1)X down to Z3

subgroup after S develops nonzero VEV. In this paper, we do not consider these 
possibilities, relegating the readers to Ref. [162] and Refs. [163–165] for Z2 and Z3

cases, respectively.
Fig. 1. Branching ratios of Z ′ as a function of mZ ′ .

M F = yF

√
2

v� , (8)

where F = E, N, U and D .
We consider kinetic mixing of the U(1)Y and U(1)X gauge fields 

which are denoted respectively as B̃μ and X̃μ;

Lkin = −1

4
W a

μν W aμν

− 1

4
(B̃μν, X̃μν)

(
1 sχ

sχ 1

)(
B̃μν

Z̃ ′ μν

)
, (9)

where sχ ≡ sinχ . The kinetic terms are diagonalized by the fol-
lowing non-unitary transformation;(

B̃μ

X̃μ

)
=

(
1 −tχ
0 1/tχ

)(
Bμ

Xμ

)
, (10)

where tχ = tanχ . After � and H develop non-zero VEVs, the mass 
matrix for neutral gauge field is approximately given by

1

8

(
Z̃
X

)T
(

(g2 + g′ 2)v2 tχ g′√g2 + g′ 2 v2

tχ g′√g2 + g′ 2 v2 4(a + b)2 g2
X v2

�

)(
Z̃
X

)
, (11)

where W 3
μ = cos θW Zμ + sin θW Aμ and Bμ = − sin θW + cos θW Aμ

are used. Assuming χ 
 1,2 neutral gauge boson masses are

m2
Z � 1

4
(g2 + g′ 2)v2, m2

Z ′ � (a + b)2 g2
X v2

�. (12)

The mass eigenstates are given by(
Zμ

Z ′
μ

)
=

(
cos θ − sin θ

sin θ cos θ

)(
Z̃μ

Xμ

)
, (13)

and the small Z –Z ′ mixing angle is given by

tan 2θ � g′√g2 + g′ 2 v2

2(m2
Z − m2

Z ′)
tχ . (14)

In Fig. 1, we show the branching ratios of Z ′ as a function of its 
mass. Here q = u, d, s, c, b, and νν̄ includes all the three flavors. 
Note that Z ′ decays into the SM through the kinetic mixing so that 
�(Z ′)/mZ ′ ∼ O (χ2) � 10−4. Therefore Z ′ would be a very narrow 
resonance.

2 The upper bound on the kinetic mixing is roughly � 0.01 in the dark photon 
mass range mZ ′ � 350 GeV considered in this letter [168].
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Fig. 2. The σ(gg → φ) in unit of pb where 3 copy of fermions in Table 1
are applied and a � b � 1 with a 	= b is adopted. We used parameter set as 
{MU ,D , ME,N , mX , λX�} = {800 GeV, 400 GeV, 350 GeV, 0.075}. Gray (light gray) re-
gion indicate yU ,D (λ�) > 4π using Eq. (15) and (16).

We also find that Yukawa coupling of new dark fermions and 
λ� can be written in terms of g X and mZ ′ ;

yF =
√

2(a + b)g X M F

m′
Z

, (15)

λ� = (a + b)2m2
φ g2

X

2m2
Z ′

. (16)

In our analysis, we require these couplings are perturbative as 
yF < 4π and λ� < 4π .

3. Phenomenology

3.1. 750 GeV diphoton excess

In this section, we analyze the production of φ and its decays 
at the LHC 13 TeV. The production of φ is through gluon fusion 
process where the relevant effective coupling is given by

Lφgg = αs

8π

⎛
⎝ ∑

F=U ,D

(a + b)
√

2g X

mZ ′
A1/2(τF )

⎞
⎠φGaμν Ga

μν , (17)

where A1/2(τ ) = 2τ [1 + (1 − τ ) f (τ )] with f (τ ) = [sin−1(1/
√

τ )]
for τ ≥ 1 and τF ≡ 4m2

F /m2
φ . We find that the effective coupling 

is described by mZ ′ and g X since exotic fermion mass is given by 
VEV of �. Applying the effective coupling, the production cross 
section for the dark Higgs φ is calculated by use of CalcHEP [169]
with CTEQ6L PDF [170]. Fig. 2 shows the cross section in the 
mZ ′ –g X plane using parameter setting {MU ,D , ME,N , mX , λX�} =
{800 GeV, 400 GeV, 350 GeV, 0.075} as a reference and K-factor for 
gluon fusion as K gg = 2.0. In the figure, we also indicate excluded 
parameter region which violate perturbative condition yU ,D < 4π
and λ� < 4π derived from Eq. (15) and (16) respectively. Thus a 
sizable production cross section can be obtained in perturbative 
parameter region.

The partial decay widths for φ → gg mode is derived by

�φ→gg = α2
s m3

φ

32π3

∣∣∣∣∣∣
∑

F=U ,D

(a + b)g X

2mZ ′
A1/2(τF )

∣∣∣∣∣∣
2

. (18)

Similarly the partial decay width for φ → γ γ is given via dark 
fermion loops such that
�φ→γ γ = α2m3
φ

256π3

∣∣∣∣∣
∑

F

N F
c

(a + b)g X Q 2
F

mZ ′
A1/2(τF )

∣∣∣∣∣
2

, (19)

where Q F and N F
c are electric charge and number of color of an 

exotic fermion F . The partial decay width for φ → Zγ is also for-
mulated by

�φ→Zγ = m3
φ

32π

∣∣A Zγ

∣∣2

(
1 − m2

Z

m2
φ

)3

, (20)

A Zγ = 2
√

2αsW g X

πcW

×
∑

F

N F
c (a + b)Q 2

F

mZ ′
[I1(τF , λF ) − I2(τF , λF )] ,

where λF = 4m2
F /m2

Z and the loop integrals are given as [171]:

I1(x, y) = xy

2(x − y)
+ x2 y2

2(x − y)2
[ f (x)2 − f (y)2]

+ x2b

(x − y)2
[g(x) − g(y)] ,

I2(x, y) = − xy

2(x − y)
[ f (x)2 − f (y)2] ,

g(t) = √
t − 1 sin−1(1/

√
t) . (21)

On the other hand, the decay widths of φ into Z ′ Z ′ , X∗ X and F̄ F
modes are given at tree level as

�φ→Z ′ Z ′ = (a + b)2 g2
Xm2

Z ′
32πmφ

× m4
φ − 4m2

φm2
Z ′ + 12m4

Z ′

m4
Z ′

√√√√1 − 4m2
Z ′

m2
φ

, (22)

�φ→X∗ X = λ2
X�m2

Z ′

16π(a + b)2 g2
Xmφ

√√√√1 − 4m2
X

m2
φ

, (23)

�φ→ F̄ F = g2
X M2

F

4πm2
Z ′

mφ

√
1 − 4M2

F

m2
Z ′

. (24)

Fig. 3 shows the total decay width of φ in the mZ ′ –g X plane 
where the same parameter set as in Fig. 2 is used. The branch-
ing fractions of φ decay can be obtained by partial decay widths, 
which is shown as a function of g X in Fig. 4 for mZ ′ = 300 GeV
with the above parameter setting. Finally Fig. 5 shows contours of 
σ(gg → φ)B R(φ → γ γ ) in the mZ ′ –g X plane. We therefore find 
that 3–10 fb cross section for diphoton mode can be obtained in 
the region of g X � 0.2–0.5 and mZ ′ < mS/2, simultaneously with a 
rather large decay width of φ: �tot(φ) ≈ 5–40 GeV.

3.2. Dark matter phenomenology

The DM candidates of our model are X and N . We assume that 
the Higgs portal coupling λH X = 0 for simplicity, since this case is 
studied in great detail [172]. We also assume that the Yukawa cou-
plings involving the DM X and SM fermions in Eq. (4) are small 
enough so that their contribution to thermal relic calculation is 
negligible. Then the dominant annihilation processes of DM in our 
model are X X∗(N N̄) → Z ′ Z ′ assuming mX,N > mZ ′ . We have in-
cluded the t(u)-channel processes mediated by virtual F exchange 
as well as the s-channel process mediated by φ exchange. Note 
that the Z ′-exchanging processes are suppressed since interactions 
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Fig. 3. The total decay width of φ in unit of GeV with same parameter setting as 
Fig. 2.

Fig. 4. Branching fraction for decay of φ.

Fig. 5. The σ(gg → φ)B R(φ → γ γ ) in unit of fb with same parameter setting as 
Fig. 2.

between Z ′ and SM particles are small due to the small Z –Z ′ mix-
ing we assume.

The thermal relic density is numerically estimated with mi-
crOMEGAs 4.1.5 [173] to solve the Boltzmann equation by im-
plementing relevant interactions relevant for the DM pair annihila-
tion processes. In calculating the relic density we assume a � b � 1
(but a 	= b). We find that the DM relic density is given dominantly 
Fig. 6. The colored region in upper (lower) plot indicate parameter space in mZ ′ –gX

(mZ ′ –λX�) plane which explain observed relic density of X where other parameters 
are indicated in the figures. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

by scalar DM X in the parameter region where one can explain 
the 750 GeV diphoton excess. It turns out that the relic density of 
N is small due to large Yukawa coupling yN which makes the am-
plitude for the N̄ N → φ → Z ′ Z ′ process large. Thus the thermal 
relic density of scalar DM X is calculated with fixed parameter set 
of {MU ,D , ME,N , mX } = {800 GeV, 400 GeV, 350 GeV} and by tak-
ing {g X , λX�, mZ ′ } as free parameters. We then search for the 
parameter region which gives the right thermal relic density, i.e. 
�h2 = 0.1199 ± 0.0027 as reported by Planck Collaboration [174]. 
The upper figure in Fig. 6 shows the parameter region in the 
(mZ ′ , g X ) plane providing the observed relic density for λX� = 0. 
On the other hand, the lower figure in Fig. 6 shows the corre-
sponding parameter region in the (mZ ′ , λX�) plane for g X = 0.1
and 0.3. We find that interference between t(u)-channel processes 
and φ exchanging s-channel process makes λX� dependence of the 
relic density nontrivial. For smaller λX� and g X , small amount of 
Higgs portal coupling λH X can help us to achieve the correct ther-
mal relic density.

In this model, DM–nucleon scattering occurs through h, φ and 
Z ′ exchanges. The amplitude for Z ′ exchange will be small since 
it involves Z –Z ′ mixing which can be sufficiently small. Also the 
Higgs contribution can be made small enough if we take a small 
λH X . For φ exchange, we have contribution to DM–nucleon scat-
tering amplitude from φ–gluon–gluon coupling in Eq. (17) and 
φ–X–X coupling even if we suppress φ–h mixing. The relevant 
effective coupling is given by
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LX XGG = αS

4π

⎛
⎝ ∑

F=U ,D

λX�

m2
φ

A1/2(τF )

⎞
⎠ X† XGaμν Ga

μν

≡ αS

4π
C g X† XGaμν Ga

μν. (25)

Then the spin-independent DM–nucleon scattering cross section is 
obtained as [175]

σSI = m2
N

π(mX + mN)2
f 2

N (26)

f N

mN
= −2

9
C g f (N)

T G
(27)

where mN is the nucleon mass and f (N)
T G

is the mass fraction of 
gluonic operators in the nucleon mass. For the numerical values 
for these parameters, we adopt values in Ref. [176]. We find that 
DM–nucleon scattering cross section is small as σSI � 10−48 cm2

for the λX� providing the observed relic density in Fig. 6. There-
fore it is difficult to observe the DM–nucleon scattering in direct 
detection experiment.

3.3. Muon (g − 2)μ

It is interesting to note that this model can also solve the muon 
(g − 2)μ through the dark muon and dark matter loop. For mX =
350 GeV and mEi = 400 GeV, we can account for the deficit in the 
aμ = 8 ×10−10 if yEiμ ∼ 2–3 assuming the universal yEiμ and mEi . 
If we assume flavor conserving Yukawa, y ∼ 5 is needed. For such 
a large Yukawa coupling, however, we have large cross section for 
DM annihilation into lepton pair through the t-channel exchange 
of Ei . Therefore when the muon (g − 2)μ is explained by the dark 
leptons within our model, the thermal relic density of X is too 
small and we need another component of DM. Therefore we don’t 
consider this possibility any more in this letter.

3.4. Stability of the potential

Here we briefly discuss the stability of the scalar potential. The 
one-loop beta functions of the Yukawa coupling yF and λφ are 
given by [128]

βyF = yF
[

3(2N F
c + 1)(yF )2 − 18

5
Q 2

F g2
1 − 8g2

3

]
, (28)

βλ� = 8λ�

∑
F

N F
c (yF )2 + 18λ2

� − 8
∑

F

N F
c (yF )4 (29)

where g1(3) are gauge couplings for SU(1)Y (SU(3)) and the MS
scheme is applied. As a rough estimation, we ignore the running 
of gauge couplings in the energy range of O (1) TeV to O (10) TeV
since the moderate running of gauge couplings in the RHS of 
Eq. (28) does not make significant changes for the running be-
havior of yF and λ� . In Fig. 7, we show the renormalization 
group running of λ� where we took λ� = {1.3, 1.4, 1.5} as refer-
ence points at μ = 1 TeV and assumed universal Yukawa couplings 
yF = 1.2 at the same μ for simplicity. We thus find that λ� can-
not be too small or too large to stabilize the potential. Also relative 
magnitude between yF and λ� changes the running property sig-
nificantly, which can be tuned by changing U(1)X charge of �, 
a +b, according to Eq. (15) and (16). By tuning the parameters, the 
stability of the potential can be achieved up to ∼ 10 TeV. The com-
plete analysis is beyond the scope of this letter and we left it as 
future work.
Fig. 7. The running of λ� according to Eq. (28) and (29) where we adopted yF = 1.2
and λ� = {1.3, 1.4, 1.5} at μ = 1 TeV as reference points.

3.5. Future tests of this model

The model presented in this letter can be tested at the up-
coming LHC experiments by searching for a pair of dark photons 
around mZ ′ Z ′ ∼ 750 GeV in the following channels:

pp → φ → Z ′ Z ′

Z ′ Z ′ → 4 j ,2 j + ll ,2 j + /E T ,4l ,2l + /E T ,

where /E T is from νν̄ pair. Note that the total decay width of 
dark photon Z ′ should be very narrow, �tot(Z ′)/mZ ′ � 10−4. If the 
current ATLAS result on �φ ∼ 45 GeV is confirmed in the future, 
our model predicts that the main decay channel of dark Higgs 
φ should be a pair of dark photon, with a large cross section, 
σ(φ → Z ′ Z ′) ≈ O (5–40) pb (see Fig. 1) at the LHC@

√
s = 13 TeV. 

Therefore a dedicated search for dark photon pair could confirm or 
exclude our model.

Our model also opens widely a new window for DM model 
building, especially the Higgs portal DM. By assuming that the 
dark sector matter fields carry nonzero SM charges, the collider 
signatures become richer and also the Higgs signal strength can be 
different from the usual Higgs portal DM models in the presence of 
the mixing between the dark Higgs and the SM Higgs bosons. Our 
model can satisfy all the constraints from (in)direct search bounds 
as well as DM searches at colliders.

4. Conclusion

In this letter, we proposed a new dark matter model with 3 
generations of dark fermions that are chiral under new dark U(1)X

gauge symmetry. Both dark photon and the dark fermions get their 
masses entirely from spontaneous breaking of dark U(1)X gauge 
symmetry from the nonzero VEV of �, and dark Higgs boson φ ap-
pears as a result. Then the diphoton excess at 750 GeV is identified 
as the dark Higgs boson from U(1)X symmetry breaking. The main 
decay mode of φ is a pair of dark photon (φ → Z ′ Z ′) and could be 
probed at the LHC by searching for 4 j, 2 j + ll, 2 j + /E T , 4l, 2l + /E T . 
It is remained to be seen if the 750 GeV diphoton excess survives 
in the future data accumulation. If it does, the model presented in 
this letter would be an interesting possibility without conflict with 
the known experimental constraints even for large decay width of 
φ. In particular the production and the decay of the dark Higgs bo-
son φ involves dark fermions in the triangle loops, opening a new 
window to the dark sector.
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