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We investigate models involving a vectorlike quark (X), which forms a 750 GeV bound state and
reproduces the observed diphoton signals at the LHC, in connection with other excesses in the LHC data.
An exotic hypercharge of −4=3 is required to fit the signal cross section, which indicates that there is an
additional particle(s) that mediates the decay of X in the full theory. We find that introducing an SU(2)
doublet vectorlike quark of mass around 600 GeV in our UV-complete framework can accommodate not
only the diphoton but also the on-Z excess (and potentially a slight excess in the monojet events). Our
models also include a dark matter candidate. The most useful way to probe the models at the LHC is via
monojet searches. The relic dark matter density is largely determined by coannihilation effects, and indirect
detection of dark matter annihilation signals is the alternative and complementary probe of our models.
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I. INTRODUCTION

The ATLAS and CMS collaborations have recently
analyzed the Large Hadron Collider (LHC) data at a
center-of-mass energy of 13 TeV (run 2) and reported an
excess of diphoton events at about 750 GeV [1,2]. The
ATLAS shows a local (global) significance of 3.9σ (2.0σ),
while the CMS reported a local (global) significance
of 2.8–2.9σ (<1σ) depending on the spin hypothesis
recently [3,4].
Among many possible interpretations, one of the most

attractive scenarios is the 750 GeV quarkonium, i.e., a QCD
bound state of heavy vectorlike quark with a mass of
about 375 GeV [5–9]. Unlike many other diphoton models,
the necessary ingredients for the diphoton excess in this
scenario is extremely simple; just the existence of
the vectorlike quark X with a small width, ΓX ≪
ΓðS → γγÞ≃OðMeVÞ, can lead to a diphoton resonance,
and it does not require an additional 750GeV singlet field nor
new strong dynamics other than the Standard Model (SM)
gauge group. In particular, it was shown inRefs. [8,9] that the
diphoton signal rate can be explained by a bound state of
vectorlike quarks X which transforms as ð3; 1;−4=3Þ under
the SUð3Þ × SUð2Þ × Uð1ÞY of the SM gauge groups.
Although the setup above for the diphoton signal is very

simple, it cannot be the full theory. In particular, the theory
must allow the decay of X to avoid the severe collider
bound on the long-lived colored particle [10]. In
Refs. [8,9], the decay of X into multijets (and missing
energy) was discussed. In particular, Ref. [8] studied the
case that X decays via higher dimensional operators,
assuming that the decay products contain a dark matter
(DM) final state with a mass close to that of the X. It was
shown that the current collider and cosmological bounds on
X can be evaded if the mass difference between X and the
DM is about 30 ∼ 50 GeV.

In this paper, we propose explicit renormalizable models
to complete this scenario. As the vectorlike quark X in this
scenario has an exotic quantum number, it cannot have a
renormalizable interaction with the SM quarks. Therefore,
an additional colored particle must be introduced to
mediate the decay of X. We investigate the possibility that
such a colored mediator, which we denote by Y, is an SU(2)
doublet vectorlike quark with a SM quantum number
ð3; 2;−5=6Þ. The doublet consists of two quarks with
charges −4=3 and −1=3, and it can couple to both the X
and the down-type SM quarks, mediating the decay of the
X field.
Interestingly, we have found that the decay of the lower

component of the Y into Xmay also explain the ATLAS on-
Z excesses [11,12].1 The on-Z analyses are supersymmetry
(SUSY) searches conducted to look for events with
dilepton, jets and missing energy. At 8 (13) TeV, 29 (21)
events are observed while the expected SM background
events are 10.6 (10.3), corresponding to a deviation of 3.0σ
(2.2σ) from SM. We show that the on-Z excess can be
explained assuming that the vectorlike quarks have masses
mX ≃ 375 GeV and mY ≃ 600–700 GeV and the decay of
X contains a large missing energy.
In the second part of this paper, we propose two explicit

models. Since the on-Z excess requires missing energy,
which also relaxes the constraints from the X search, we
introduce a dark matter field in addition to the vectorlike
quarks X and Y. In the first model, we consider an inert

1It is noted that the CMS Collaboration has reported results
consistent with SM predictions in the same channel. It could be
due to the incompatibility between the collaborations at estimat-
ing the number of background events, as emphasized in Ref. [13].
In this work, the ATLAS excesses are interpreted as a contribu-
tion originated from BSM physics. See Refs. [13–26] for
previous theoretical efforts interpreting the excess.
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doublet dark matter, while in the second model, a singlet
scalar dark matter is introduced together with yet another
vectorlike quark. We investigate LHC constraints as well as
the dark matter phenomenology of these models. It is worth
noting that monojet searches are of particular significance in
our mass-degenerate scenarios, coinciding with the obser-
vation that there is a slight (1σ) excess in the 13 TeVmonojet
signal region [27]. Therefore, LHC anomalies (on-Z, mono-
jet) other than the diphoton resonance may be incorporated
within our UV-complete framework.
The rest of the paper is organized as follows. In Sec. II,

we briefly review the scenario of the 750 GeV quarkonium,
in particular the case with a vectorlike quark X with a
hypercharge YX ¼ −4=3. In Sec. III, we introduce a new
SU(2) doublet vectorlike quark Y to complete the model
and investigate its implication on the ATLAS on-Z
excesses. In Sec. IV, we propose explicit models and study
LHC constraints and dark matter phenomenology in each
model. A summary and discussion are given in Sec. V. The
details of the LHC analyses are described in Appendix A,
and some analytic formulas for models in Sec. IV are
presented in Appendix B.

II. 750 GeV QUARKONIUM AND THE
DIPHOTON EXCESS

In this section, we briefly review the scenario of the
750 GeV quarkonium, which is a bound state of vectorlike
quarks X with a mass of mX ≃ 375 GeV. When a pair of
the X quarks is produced near the threshold energy, it can
form a color-singlet, S-wave bound state, and the produc-
tion cross section is enhanced. In Ref. [8], the diphoton
cross section is calculated for various hypercharges YX,
assuming that X is a color triplet and SU(2) singlet, and it
was shown that the case of jYXj ¼ 4=3 explains the best the
diphoton excess. In Ref. [9], the cross section is calculated
for various constituent particles—for spins 0, 1=2, and 1,
various color representations, and different electromagnetic
charges. A color-triplet fermion with electric charge −4=3
is among the best candidates, together with other possibil-
ities such as the color-triplet scalar with charge−4=3 or 5=3
and color-sextet scalar with charge −2=3.
In this paper, we consider the case when the X has a

quantum number ð3; 1;−4=3Þ under the SUð3Þ × SUð2Þ ×
Uð1ÞY of the SM gauge group. In Refs. [8,9], the γγ
production cross section through the bound state is
estimated as

σðpp → S0ðXXÞ → γγÞ≃
�
5.7 fb ½8�;
4.7 fb ½9�; ð1Þ

up to (large) uncertainties discussed there.2

The decay width of the 750 GeV bound state in this
scenario is around 6 MeV [8], indicating a narrow-width
scalar resonance. This setup predicts other bound state
signals (dijet, diboson, etc.) as well, but they are thus far not
strongly constrained. It should be noted that the decay rate
of the constituent fermion X should be smaller than that of
the bound state in order to enhance the diphoton signal.
This amounts to the condition ΓX ≲Oð1Þ MeV, which, as
will be discussed in the following sections, can be easily
satisfied in our models.

III. VECTORLIKE QUARKS AND ATLAS
ON-Z EXCESS

As mentioned in the Introduction, the setup of the
previous section cannot be the complete model and X
should have an additional interaction which allows its
decay. In Refs. [8,9], the decay of X into multijets (and
missing energy) was discussed without specifying the UV
completion of the model. In this paper, we propose explicit
renormalizable models to complete the scenario. As in
Ref. [8], we assume that the decay of X contains a DM in
the final state.
Because of the exotic charge YX ¼ −4=3, the X quark

cannot have a renormalizable interaction with the SM field.
Therefore, a new colored field should be introduced to
mediate its decay. We consider a vectorlike fermion for
such a new colored mediator and denote it by Y. Assuming
that X and Y are coupled via a Yukawa coupling with the
SM Higgs, Y should be an SU(2) doublet with a hyper-
charge−5=6 or −11=6. We consider the former case since it
can couple to the SM down-type quarks, while the latter
case needs further additional colored fields, i.e.,

Y ¼
�
B0

X0

�
−5=6

; ð2Þ

where B0 and X0 have electric charges −1=3 and −4=3,
respectively. The interaction is then given by

FIG. 1. The on-Z excess fit on the BrðX2 → X1ZÞ and X2 mass
plane for mX1

¼ 375 GeV. The blue region shows the fit of run 1
data at statistical significance of 2σ, while the pink band indicates
the fit of run 2 data at 1σ.

2In Ref. [9], the QCD binding potential is approximated to be
Coulomb-like [28]. Reference [8] makes use of a different QCD
potential and includes the effects of the electric force.
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−Lint ¼ ðYHÞðλX þ λX5γ5ÞX þ H:c:; ð3Þ

where H ¼ ðHþ; H0ÞT is the SM Higgs doublet and
ðYHÞ ¼ B0Hþ þ X0H0. Here and throughout the paper,
we assume λX5 ¼ 0 for simplicity. As we shall see in the
explicit models discussed in the next section, the Y field can
couple to the SM quarks and the DM field directly or
indirectly, allowing the decay of the X field through the Y.
Before discussing the details of the models in the next

section, let us discuss the possible explanation of the
ATLAS on-Z excess in this scenario. The interaction in
(3) causes a mixing between X and X0, resulting in mass
eigenstates X1 and X2. The heavier one can decay into the
lighter one, emitting a Z boson or the Higgs boson:

X2 → X1 þ Z=h: ð4Þ

As we will see, this decay channel leads to a signal with
Z þ jetsþmissing energy, which may explain the ATLAS
on-Z excess.
The major features of the ATLAS on-Z analysis are as

follows. The final state must include at least a pair of
opposite sign same flavor (OSSF) leptons (electron or
muon) with invariant mass close to the Z boson mass.
The required missing transverse energy is Emiss

T >
225 GeV. At least two signal jets (reconstructed using
the anti-kt algorithm [29]) are required, and a cut of
HT > 600 GeV, where HT is the scalar sum of jet pT ,
is applied to the final state (see Appendix A for further
details). Assuming that the number of observed events in
the signal region follows the Poisson distribution, and by
adding the statistical uncertainty as well as the systematic
uncertainty in quadrature, the number of excessive events
due to new physics are
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FIG. 2. (from top left to bottom) Event distribution of Emiss
T , HT and jet multiplicity in the on-Z signal region of run 1 (8 TeV) [11],

which contains a pair of electron or muon in the final state. Observed events (black dots) are compared with the expected event
distribution for the model point with mX2

¼ 620 GeV, mX1
¼375GeV, and BrðX2→X1þZÞ¼0.8 (blue) and the “quasidegenerate B”

scenario (pink), on top of the expected SM background (green).
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NBSM ¼ 18.4� 6.3 in the run 1 analysis; ð5Þ

NBSM ¼ 10.7� 5.1 in the run 2 analysis: ð6Þ

We have used the following pipeline to estimate the on-Z
excess fit of our model: MadGraph 5 v2.2.3 [30,31] for event
generation, Pythia 6.4 [32] for parton shower and Checkmate

[33,34] for analysis implementations. Checkmate utilizes
Delphes 3 [35] (which has FastJet incorporated [36,37]) for
detector simulations.
We have generated three samples (pp → X2X2 →

X1X1 þ ZZ=Zh=hh) andmade appropriate rescaling to vary
the branching ratio of X2 → X1Z while fitting the
on-Z excess. In addition, the process pp→B0B0→X1X1 þ
WþW− is also generated and included in our analysis. Our
model is implemented using Feynrules v2.3.1 [38], and the

vectorlike quark pair production cross section is estimated
up to next-to-next-to leading order accuracy using Hathor

v2.0 [39].
The result of our fit is shown in Fig. 1. Here, X1 is

assumed to decay into DM (Emiss
T ) accompanied by two

jets, while the mass splitting between X1 and DM is set to
be 40 GeV. Jets from the decay of X1 are relatively soft, and
the on-Z result is insensitive to the details of X1 decay. It
can be seen that BrðX2 → X1ZÞ≳ 0.6 is necessary in order
to fit the run 1 on-Z excess at 2σ. The requirement to fit the
run 2 excess is looser, with BrðX2 → X1ZÞ ≳ 0.4 at 1σ. The
reason is twofold: (i) the production cross section is
enhanced at 13 TeV, and (ii) the observed number of
excessive events is smaller in run 2.
In Figs. 2 and 3, we show the predicted Emiss

T , HT and jet
multiplicity distribution for a benchmark point on top of
expected SM background as compared to the run 1 and run
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FIG. 3. (from top left to bottom) Event distribution of Emiss
T , HT and jet multiplicity in the on-Z signal region of run 2 (13 TeV) [12],

which contains a pair of electron or muon in the final state. Observed events (black dots) are compared with the expected event
distribution for the model point withmX2

¼ 620 GeV,mX1
¼ 375 GeV, and BrðX2→X1þZÞ¼0.8 (blue) and the “quasidegenerate B”

scenario (pink), on top of the expected SM background (green).
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2 data, respectively. As the parameters of the benchmark
point, we have chosen mX2

¼ 620 GeV, mX1
¼ 375 GeV

and BrðX2 → X1 þ ZÞ ¼ 0.8.3 The blue dashed line shows
the contributions from X2 → X1 þ Z=h (and B0 →
X1 þW), which produces NBSM ¼ 8.5ð13.4Þ events at 8
(13) TeV. As shown in Fig. 1, the contribution at 8 TeV is
fitted up to 2σ compared with the excess, while the fit is
reasonably better at 13 TeV (within 1σ).
As an illustration, we also show the distributions for

another benchmark point,“quasidegenerate B,” by pink
dashed lines. Here, we have an additional particle B or
B2 in the mass eigenstate, with mB2

¼ 705 GeV (see
Sec. IV C for details of model building). B2 decays solely
to WX2, as other decay channels are kinematically closed.
This “quasidegenerate B” scenario produces NBSM ¼
10.7ð17.2Þ events at 8 (13) TeV, which gives more signal
events than the benchmark point discussed above for both
run 1 and run 2 data.
We have also checked other relevant collider analyses

which potentially constrain our model. It is found that the
multijet plus Emiss

T search [40] gives the most stringent
constraint, though our benchmark scenarios are still
allowed. Furthermore, the direct pair production of X1

can be constrained by monojet searches. This constraint
will be further discussed in the next section.

IV. MODELS FOR 750 GeV DIPHOTON
AND ON-Z EXCESSES

In this section, we introduce two explicit models which
can explain the 750 GeV diphoton and on-Z excesses
simultaneously. The matter contents of the models are
summarized in Table. I.
(1) In the first model, we introduce an inert doublet η in

addition to X and Y. We assume mY > mX > mη.
(2) In the second model, a singlet scalar dark matter ϕ is

introduced together with yet another vectorlike
quark B. We consider two cases:
(a) mY > mX > mB > mϕ (light B),
(b) mB > mY > mX > mϕ (heavy B).

Generically, our models contain a colored mediator which
couples to DM as well as SM quarks. Such quark generation-
dependent couplings cannot be arbitrary due to stringent
constraints on the first and second quark generation cou-
plings from flavor changing neutral current (FCNC) proc-
esses.4 We choose the couplings to the third generation to be
the dominant ones in order to avoid these constraints.

A. Model XYη

From the matter content in Table I, the most generic
renormalizable Lagrangian is

L ¼ LSM þ
X
F¼Y;X

FðiD −mFÞF þ jDμηj2 −m2
ηjηj2

− VðH; ηÞ − ðYHÞðλX þ λX5γ5ÞX
− yηidRiPLðY · ηÞ þ H:c: ð7Þ

where ðYHÞ ¼ B0Hþ þ X0H0, ðY · ηÞ ¼ B0η0 − X0ηþ, and
dRi denotes the SM right-handed down-type quarks. For
simplicity, we assume λX5 ¼ 0.5 We further assume that Y
mainly couples to the third generation quark, and take
yη1 ¼ yη2 ¼ 0 and yη3 ¼ yη. The Yukawa couplings λX and
yη can be taken to be real and positive by field redefinitions.
As mentioned in the previous section, the X and X0 are
mixed through the Yukawa interaction in (7), leading to
mass eigenstates X1 and X2. The main decay modes of the
new particles are given by, assuming mX2

≃mB0 > mX1
>

mη and λX ≫ yη,

X2 →

�
X1Z

X1h
; B0 → X1W; X1 → bη−;

η− → η0 þ π−: ð8Þ

The mixings and decay rates of the mass eigenstate quarks
are summarized in Appendix B 1.
For simplicity, we consider the case where there is no

renormalizable interaction between η and the SM Higgs.
The loop corrections make the neutral component slightly
lighter than the charged component, i.e., Δm≃ 350 MeV
[42]. Then, the decay of η− produces only very soft pion
with a decay rate [43]

Γðη− → η0 þ π−Þ≃ 3 × 10−14 GeV

�
Δm

350 MeV

�
3

β; ð9Þ

where β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðmπ−=ΔmÞ2

p
. Therefore, the η− can be

regarded as a missing particle at collider searches.

TABLE I. Matter contents of the two models. X, Y, and B are
Dirac fermions, η is a complex scalar, and ϕ is a real scalar. All
fields are odd under Z2 parity.

Model XYη ðSU3; SU2ÞU1Y

Model
XYBϕ ðSU3; SU2ÞU1Y

X ð3; 1Þ−4=3 X ð3; 1Þ−4=3
Y ¼ ðB0; X0ÞT ð3; 2Þ−5=6 Y ¼ ðB0; X0ÞT ð3; 2Þ−5=6
η ¼ ðηþ; η0ÞT ð1; 2Þ1=2 B ð3; 1Þ−1=3

ϕ ð1; 1Þ0

3This point corresponds to ðmX;mYÞ≃ ð440; 560Þ GeV and
λX ≃ 0.6. See Sec. IV and Fig. 4 for details.

4An example of the FCNC calculations with similar setup can
be found in Ref. [41].

5The interaction jHj2jηj2 would not change our conclusion,
except that the direct and indirect constraints on the DM become
severer. The interaction jH†ηj2 would cause a mass splitting
between charged Higgs and DM, but its contribution is smaller
than the loop correction for coupling smaller than Oð0.01Þ [42].
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1. Diphoton and ATLAS on-Z excesses

As discussed in Secs. II and III, this model may explain
the diphoton and ATLAS on-Z excesses simultaneously.

(i) The decay rate of the X1 is given by (cf.,
Appendix B 1)

ΓðX1 → bη−Þ≃ 1.1 × 10−7 GeV
�
λX
0.1

�
2
�

yη
0.01

�
2

ð10Þ
where we have taken ðmX2

; mX1
; mηÞ≃ ð620; 375;

325Þ GeV as a benchmark point. Therefore, it can
easily satisfy the condition for the diphoton excess,
ΓðX1 → bη−Þ ≪ ΓðS0ðXXÞ → γγÞ≃ 1 MeV, for
yη ≪ λX ≲ 1.

(ii) For the on-Z excess, in Fig. 4 we show the branching
fraction BrðX2 → X1ZÞ as a function of mX2

,
for mX1

¼ 375 GeV, λX ¼ 0.1–1, and yη ≪ λX.
Compared with Fig. 1, one can see that both the
run 1 and run 2 excesses can be explained in a large
region of parameter space.6

2. Other LHC constraints

Since the 375 GeV vectorlike quark X1 decays to η−b
with η− decaying into a very soft pion, this decay mode
could lead to final state with b-jets plus large Emiss

T . We
make use of the acceptance times efficiency table provided
by the ATLAS sbottom search [44] to estimate its con-
straints on this channel. The result is shown in Fig. 5. As
can be seen in Fig. 5, models with large X1 − η mass
splitting (≳60 GeV) are disfavored.
The situation where X1 decays to a soft jet and an almost

mass degenerate η could avoid this collider bound, but may
be constrained by monojet searches [27,45,46], which are
relevant when X1 is produced in pair and recoiled against
an energetic initial state radiation (ISR). In order to study

the monojet constraints, again we generate samples of
monojet events with MADGRAPH plus PYTHIA. Jet-parton
matching is performed using the MLM scheme [47–49].
We use the parameter robs ≡ ðNsig − 1.96ΔNsigÞ=N95%

obs to
estimate the 95% exclusion limits on our model (the model
is considered excluded if robs > 1), with Nsig being the
number of BSM events in the signal region, ΔNsig the
uncertainty, N95%

obs the observed 95% limit on the event
number given by the experimental collaborations.
Our results are presented on the X1 − η mass splitting

versus X1 mass plane as in Fig. 6. We find that the ATLAS
13 TeV monojet search (signal region SR2jm) gives the
most stringent constraint [27], followed by signal regions
SR6 and SR5 of the 8 TeV monojet analysis [46]. Our
model (with mX1

≃ 375 GeV) is still viable for mass
splitting larger than 40 GeV. Finally, we note that currently
there is a slight excess of around 1σ in SR2jm. It is exciting
to point out that our model could as well accommodate the
excess, though the excess is appreciably less significant
than that of diphoton and on-Z. This channel should
definitely be studied rigorously in the future runs.

3. Dark Matter

The properties of η are completely determined by SM
gauge symmetry as we consider the case where there is no
renormalizable interaction between η and the SM Higgs.
Since there is no direct couplings to quarks or gluons,
it is difficult to probe this model with direct detection
experiments.
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of the ATLAS sbottom search [44] for different choices of decay
branching ratio. The signal cross section has been normalized to
that of the vectorlike fermion pair production cross section
calculated using Hathor.

6The region close to BrðX2 → X1ZÞ ¼ 1 corresponds to
the maximal mixing, sin 2θX ≃ 1, where mX ≃mY ≃ðmX1

þmX2
Þ=2. (See Appendix B 1.)
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On the other hand, DM annihilates dominantly to
electroweak gauge bosons, and the s-wave annihilation
cross section is given as [42]:

σv≃ 9 × 10−26 cm3 s−1
�

mDM

335 GeV

�
−2
; ð11Þ

while the search on dwarf spheroidal galaxies (dSphs) for
gamma rays with six years of Fermi-LAT data places a
95% confidence level limit of σv≲ 8.5 × 10−25 cm3 s−1 at
335 GeV after taking dSphs DM density profile uncertain-
ties into account [50]. We expect improvements of this
bound in the near future with more data taking. Note that
we need non-thermal mechanism to achieve the observed
relic DM density as the DM annihilation cross section is
too large.

B. Model XYBϕ with light B

In this subsection, we consider the XYBϕ model in
Table I, assuming mY > mX > mB > mϕ. From the matter
content in the table, the most generic renormalizable
Lagrangian is

L ¼ LSM þ
X

F¼Y;X;B

FðiD −mFÞF þ 1

2
ð∂ϕÞ2

−
1

2
m2

ϕϕ
2 − VðH;ϕÞ − ðYHÞðλX þ λX5γ5ÞX

− BðλB þ λB5γ5ÞðY ·HÞ − yϕiϕBPRdRi þ H:c: ð12Þ

where ðYHÞ ¼ B0Hþ þ X0H0 and ðY ·HÞ ¼ B0H0−
X0Hþ. For simplicity, we assume λX5 ¼ λB5 ¼ 0.
We further assume yϕ1 ¼ yϕ2 ¼ 0 and denote yϕ3 ¼ yϕ.

The Yukawa couplings λX, λB and yϕ can be taken real and
positive by field redefinitions. We also assume that the
scalar interaction VðH;ϕÞ does not affect DM abundance.
The Yukawa couplings in (12) cause mixings between B
and B0, as well as between X and X0, leading to mass
eigenstates B1;2 and X1;2. Assuming mX2

≃mB2
> mX1

>
mB1

> mϕ and yϕ ≪ 1, the main decay channels are
given by

X2 →

8<
:

B1W

X1Z

X1h

; B2 →

8<
:

X1W

B1Z

B1h

;

X1 → B1W�; B1 → bϕ: ð13Þ

The mixings and decay rates of the fields are summarized in
Appendix B 2.

1. Diphoton and ATLAS on-Z excesses

As discussed in Secs. II and III, this model may explain
the diphoton and ATLAS on-Z excesses simultaneously.

(i) The decay rate of the X1 is, using MADGRAPH [51],
estimated as, for a benchmark point ðmY;mX;mBÞ≃
ð620; 375; 360Þ GeV,

ΓðX1 → B1 þW� → B1 þ lν=jjÞ
∼ 10−6 GeV · θ2Xθ

2
B; ð14Þ

with θX and θB being the mixing angles of the
vectorlike quarks (see Appendix B). Therefore, it
satisfies the condition for the diphoton excess,
ΓðX1 → bη−Þ ≪ ΓðS0ðXXÞ → γγÞ≃ 1 MeV, while
avoiding the collider constraints for long-lived
particles.

(ii) For the on-Z excess, let us first consider the case
λB ≪ λX. In this case, X2 and B2 mainly decays into
X1 þ Z=h and X1 þW, respectively. The branching
fraction BrðX2 → X1ZÞ is essentially the same as the
XYηmodel discussed in Sec. IVA (see Fig. 4.) Thus,
the on-Z excesses in run 1 and run 2 can be
explained in a large region of parameter space.
For λB ∼ λX, the branching fraction BrðX2 → X1 þ
Z=hÞ decreases, but BrðB2 → B1 þ Z=hÞ increases
instead. The sum of them is close to unity up to
kinematical corrections, and hence the result does
not depend much on the hierarchy between λX
and λB.

2. Other LHC constraints

We have also studied monojet bounds on the model
XYBϕ with light B. The monojet bounds are significantly
stronger than the XYη model since we now have a light B
produced in pair recoiled against ISR as well. As a result,
we do not find any parameter region that could avoid such

365 370 375 380 385 390 395

10

20

30

40

50

mX [GeV]

m
X

–
m

D
M

[G
eV

]

Monojet costraints

SR2jm

SR6

SR5

FIG. 6. Monojet constraints on the XYη model. The most
sensitive signal regions are SR2jm (pink) [27], SR6 (blue) and
SR5 (purple) [46]. Below the thick line of each signal region, the
parameter region is excluded.
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constraints. To show this, we fix mX1
¼ 375 GeV, and

choose two benchmarks: ðmDM; mBÞ ¼ ð320; 365Þ;
ð305; 365Þ, where the numbers are in unit GeV. The first
benchmark corresponds to a parameter point where the
thermal relic DM density is achieved via coannihilation
(see Sec. IV B 3). The second benchmark corresponds to a
point where the monojet constraint is found to be the least
stringent. Note that the mB −mDM mass splitting of this
benchmark is 60 GeV. The monojet constraints are further
relaxed beyond 60 GeV but such a parameter region is
excluded by the b-jets plus Emiss

T search (cf. Fig. 5). The
results are shown in Table II. Again, it should be noted that
there is a slight excess in the 13 TeV monojet signal region.
Should the excess grow or persist in future LHC runs, this
model would become relevant.

3. Dark Matter

DM-DM annihilation occurs via t-channel mediators and
suffers from helicity suppression. The relic density of DM
is instead determined by the annihilation rate of X1 and B.
This effect is characterized by the effective annihilation
cross section [52]:

σeffv ¼
X

i¼X1;B

σiv

�
neqi
neq

�
2

; ð15Þ

where neqi is the number density of particle i in thermal
equilibrium, while neq is the sum of the number density of
X1, B and DM in thermal equilibrium. σiv is the self-
annihilation cross section of the fermion pairs, which is
dominated by the QCD annihilation into a pair of gluons or
quarks. We integrate the Boltzmann equation numerically
to obtain the thermal relic DM density. In Fig. 7, we show
the thermal relic DM density for some choices of mass
splitting parameters. The parameter set ðmDM; mB;mX1

Þ≃
ð320; 365; 375Þ GeV reproduces the observed relic DM
density in the Universe.

Let us briefly comment on the direct detection prospects
of the model. As DM couples only to the bottom quark via
B, the scattering of DM off a nucleon is only via loop-level
interaction between DM and the nucleon’s gluons. We
found that the constraint on yϕ from the LUX experiment
[53] is of Oð10Þ for B mass range of several hundred GeV
to a few TeV. Probing the model with direct detection is
extremely difficult.

C. Model XYBϕ with quasidegenerate or heavy B

Finally, we consider the scenario where the Lagrangian
is the same as (12), but with mass relations mB≳
mY > mX > mϕ. As we shall see, the minimal model
would lead to a long lived X1 at the collider scale, and
we need additional new particles to make X1 decay
promptly.
The model where B is quasidegenerate with Y produces

more on-Z signal events than the case where B is much
heavier than Y or the inert scalar doublet scenario in
Sec. IVA, as explained in Sec. III. Meanwhile, the X1-
DM mass splitting has to be small to avoid jets plus large
Emiss
T constraints. As a result, two-body or three-body decay

modes are kinematically closed within this minimal frame-
work. X1 can only decay via the following four-body decay
mode: X1 → W�B�

1 → jjjϕ. However, the decay rate of
this process is Γ4−body ≲ 10−12 GeV · θ2Xθ

2
B, which means

that the colored and electrically charged X1 typically
decays outside the detector, leading to stringent collider
constraints [10]. One is then forced to introduce new
particle(s) to make X1 decay promptly. One relatively
simple possibility is to, instead of ϕ, consider fermion
DM χ along with a color triplet scalar ~u of quantum number
ð3; 1; 2=3Þ. Assume the following interaction:

ΔL ¼ ϵabcyXXa ~ubuc þ δabyχ ~u�aubχ þ H:c:; ð16Þ

where we have written down the color indices of the fields
explicitly. The three-body decay rate is, based on dimen-
sional analysis, ΓX ∼ ðy2Xy2χ=128π3Þðm5

X=m
4
~uÞ ∼Oð1Þ MeV

300 320 340 360 380 400
0.00

0.05

0.10

0.15

0.20

mDM[GeV]

D
M

h2

mB 50GeV, mX 60GeV

mB 45GeV, mX 60GeV

mB 45GeV, mX 50GeV

mB 40GeV, mX 60GeV

FIG. 7. ΩDMh2 versus DM mass. ΔmX (ΔmB) is the mass
difference between DM and X (B).

TABLE II. Benchmarks for the XYBϕ model with light B. The
number of background (Bkg) and observed (Obs) events, as well
as Robs of the most sensitive signal region of each of the monojet
analyses are shown [27,45,46]. The first benchmark corresponds
to a parameter point where the thermal DM relic density matches
the observed value (ΩDMh2 ≃ 0.12). The second benchmark is a
parameter point where, within our exploration, the monojet
constraints are found to be least stringent.

ðmDM; mBÞ [GeV] SR Bkg Obs Robs

(320,365)
2jm 163� 20 186 1.77
SR5 8300� 300 7988 0.79
M2 8620� 270 8606 0.62

(305,365)
2jm 163� 20 186 1.45
SR5 8300� 300 7988 0.66
M2 8620� 270 8606 0.48
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for Oð1Þ Yukawa couplings and m ~u ¼ 1 TeV. The
formation of 750 GeV bound state requires ΓX ≲
1 MeV, which translates to m ~u ≳ 1 TeV for Oð1Þ Yukawa
couplings.7

Let us briefly discuss other aspects of the χ model.
Monojet constraints have been discussed in Ref. [8], where
the X1-DM mass splitting has to be ≳30 GeV. Let us
assume that ~u couples mainly to the top quark. The
self-annihilation cross section of χ is, for yχ ∼Oð1Þ and
m ~u ≳ 1 TeV, σ ≃ ðy4χ=32πÞðm2

t =m4
~uÞ≲ 3 × 10−27 cm3 s−1,

which is 1 order of magnitude smaller than the canonical
thermal annihilation cross section. However, the self-
annihilation of the slightly heavier X1 can help reduce
the relic density of χ. A mass splitting of around 40 GeV
would lead to the correct value of the observed abundance
of dark matter in the Universe. The prospect of direct
detection is slim as χ couples to the third-generation quark.
Indirect detection may be feasibe using the Cherenkov
Telescope Array (CTA) [54]. Finally, the TeV-scale colored
~u would be produced copiously at the LHC, and can be
probed using standard techniques of SUSY searches.

V. SUMMARY AND DISCUSSION

Motivated by the LHC diphoton excess, we have
considered some models involving a 750 GeV quarko-
nium, which is a bound state of vectorlike quarks X, in
connection with dark matter and other excesses observed
at the LHC. An exotic hypercharge of YX ¼ −4=3 is
required to fit the diphoton signal, indicating that there is
additional particle(s) that mediates the decay of X in the
full theory. We have introduced an SU(2) doublet vector-
like quark of mass around 600 GeV, and showed that not
only the diphoton but also the on-Z excess (and poten-
tially a slight excess in the monojet events) can be
accommodated in our models.
Let us summarize the major findings of this paper. The

three scenarios proposed here have distinctive properties,
but all of them can accommodate the diphoton and on-Z
excess. The scenario with inert scalar doublet (Sec. IVA)
has inert scalar mass around 40 GeV below the 375 GeV
diphoton-to-be vectorlike fermion X. As the annihilation
cross section of DM is relatively large, non-thermal
mechanism is needed to reproduce the correct DM relic
density. On the flip side, the DM annihilation signals can
optimistically be probed in near future. The second
scenario (Sec. IV B) proposed in the paper involves the
cascade decay of X into an almost degenerate bottomlike
fermion, B, which in turn decays to DM. However, this
model predicts too many monojet events. Even so, as there
is currently a slight excess in the 13 TeV monojet channel,

this model should be given attention if the monojet excess
persists or grows in the next run. The correct relic DM
density is obtained via coannihilations with X and B. The
third scenario (Sec. IV C) has B heavier than X. At certain
mass region, the model can provide more on-Z signal
events than the previous scenarios. However, in the
minimal setup, X is unable to decay promptly. One needs
to introduce a colored scalar triplet ( ~u) to mediate the decay
efficiently. This model may be tested with CTA by looking
for the DM annihilation signals, or probed directly by
searching for ~u collider signatures at the LHC. The
observed relic DM density is achieved via X coannihilation.
The observed diphoton excess has a relatively simple

interpretation, i.e. a QCD bound state of heavy colored
particles. We have argued that the full theory of such an
interpretation can have rich collider and dark matter phe-
nomenology. While the full theory necessitates the intro-
duction of additional particles, we are encouraged by the fact
these particles can provide ingredients to accommodate other
LHC anomalies (on-Z, monojet). New experimental data,
particularly from the next run of the LHC and dark matter
indirect detection experiments (e.g. Fermi-LAT) will defi-
nitely test our proposal very soon.
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APPENDIX A: EXPERIMENTAL ANALYSES

In this appendix, we describe the details of LHC analyses
important to our study.
We begin with the ATLAS SUSY searches for final states

containing an on-shell Z (on-Z) [11,12]. Both 8 and 13 TeV
ATLAS on-Z analyses have the following requirements
and cuts:

(i) at least a pair of OSSF leptons with 81 GeV <
mll < 101 GeV

(ii) Emiss
T > 225 GeV

(iii) number of jets nj ≥ 2
(iv) HT > 600 GeV
(v) azimuthal distance between jets and pT Δϕðj; pTÞ >

0.4.
There are slight differences in the requirement of the

pT-ordered ith leptons (pli
T) and jets (pji

T ). For the 8 TeV
analysis:

(i) pl1
T > 25 GeV, pl2

T > 10–14 GeV depending on
trigger

7Note that, in this setup, the Y field does not play the role of
mediating the X decay. The decay of X occurs through new scalar
~u�a, while the ATLAS on-Z excess is explained by the decays of
Y as well as B.
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(ii) pj
T > 35 GeV

For the 13 TeV analysis:

(i) pl1
T > 50 GeV, pl2

T > 25 GeV

(ii) pj
T > 30 GeV

Monojet searches have been performed by the ATLAS
Collaboration to study SUSY with compressed mass
spectra [45] and dark matter production at the LHC [46]
at run 1. For [45], the following cuts are applied to all signal
regions:

(i) at least a jet with pT > 150 GeV, i.e. pj1
T >

150 GeV
(ii) nj ≤ 3 for jets with pT > 30 GeV
(iii) Emiss

T > 150 GeV
(iv) Δϕðj; Emiss

T Þ > 0.4 for all jets
(v) no leptons with pT > 10 GeV

Events passing these cuts are further divided into three
signal regions M1–M3 which have additional requirements
on Emiss

T and pj
T . For the dark matter production monojet

search [46]:

(i) pj1
T > 150 GeV

(ii) pj1
T =E

miss
T > 0.5

(iii) Emiss
T > 150 GeV

(iv) Δϕðj; Emiss
T Þ > 1.0 for jets with pT > 30 GeV

(v) no leptons with pT > 7 GeV
There are nine signal regions (SR1-9) corresponding to
further different cuts on Emiss

T applying on events passing
cuts above.
Furthermore, the run 2 SUSY search for squarks

and gluino is placing strong monojet limits [27]. The
relevant signal region is SR2jm and has kinematic cuts
as follows:

(i) pj1
T > 300 GeV

(ii) pj2
T > 50 GeV

(iii) Emiss
T > 200 GeV

(iv) Δϕðj; Emiss
T Þ > 0.4 up to three leading jets in the

events
(v) no leptons with pT > 10 GeV
(vi) Emiss

T =
ffiffiffiffiffiffiffi
HT

p
> 15 GeV1=2

(vii) meff > 1600 GeV,
where meff is defined as the sum of HT and Emiss

T .
We summarize signal regions sensitive to our models in
Table III.

APPENDIX B: MIXINGS AND DECAY RATES
OF VECTORLIKE QUARKS

In this appendix, we describe the mixings and decay
rates of vectorlike quarks in the models discussed
in Sec. IV.

1. Model XYη

Assuming λX5 ¼ 0, the mass terms of ðX0; XÞ in (7)
become

−Lmass ¼ ðX0; XÞ
�

mY λXv

λXv mX

��
X0

X

�
; ðB1Þ

where v ¼ hH0i≃ 174 GeV. It can be diagonalized by

�
X0

X

�
¼

�
cos θX −sin θX
sin θX cos θX

��
X2

X1

�
; ðB2Þ

where

θX ¼ 1

2
arctan

�
2λXv

mY −mX

�

≃ λXv
mY −mX

≃ 0.07

�
λX
0.1

��
250 GeV
mY −mX

�
: ðB3Þ

The mass splitting in the doublet, mX2
−mB0 , is small for

λX ≪ 1:

mX2
−mB0 ≃ ðλXvÞ2

mY −mX
≃ 1.2 GeV

�
λX
0.1

�
2
�
250 GeV
mY −mX

�
:

ðB4Þ

The partial decay rates of X2 are

ΓðX2 → X1ZÞ ¼
1

64π
cos2θXsin2θX

×
g22m

3
X2

m2
W

fVðr1; rZÞβðr1; rZÞ ðB5Þ

TABLE III. Signal regions most sensitive to our studies. Notations are defined in text.

Emiss
T [GeV] pTj1 [GeV] Δϕðj; pTÞ nj HT [GeV] Emiss

T =
ffiffiffiffiffiffiffi
HT

p
meff (incl.) References

On-Z (8 TeV) 225 35 0.4 ≥2 600 � � � � � � [11]
On-Z (13 TeV) 225 30 0.4 ≥2 600 � � � � � � [12]
M2 340 340 0.4 ≤3 � � � � � � � � � [45]
SR5 350 0.5Emiss

T 1.0 � � � � � � � � � � � � [46]
SR6 400 0.5Emiss

T 1.0 � � � � � � � � � � � � [46]
SR2jm 200 300 0.4 ≥2 � � � 15 GeV1=2 1.2 TeV [27]
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ΓðX2 → X1hÞ ¼
1

32π
ðcos 2θXÞ2λ2XmX2

fhðr1; rhÞβðr1; rhÞ
ðB6Þ

ΓðX2 → η−bÞ ¼ 1

32π
cos2θXy2ηmX2

ð1 − r2η þ r2bÞβðrη; rbÞ;
ðB7Þ

where r1 ¼ mX1
=mX2

, rZ ¼ mZ=mX2
, rh ¼ mh=mX2

,
rη ¼ mη=mX2

, and rb ¼ mb=mX2
. The functions fV , fh,

and β are given by

fVðr1; rVÞ ¼ ð1 − r21Þ2 þ ð1 − 6r1 þ r21Þr2V − 2r4V; ðB8Þ

fhðr1; rhÞ ¼ 1þ 2r1 þ r21 − r2h; ðB9Þ

βða; bÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a4 þ b4 − 2a2 − 2b2 − 2a2b2

p
: ðB10Þ

In the limit of mY −mX ≫ v and λX ≫ yη, the branching
fractions become BrðX2 → X1ZÞ≃ BrðX2 → X1hÞ≃ 0.5,
as expected from the Goldstone equivalence theorem.
The decay rate of the X1 is given by

ΓðX1 → η−bÞ ¼ 1

32π
sin2θXy2ηmX1

ð1 − r2η1 þ r2b1Þβðrη1; rb1Þ;
ðB11Þ

where rη1 ¼ mη=mX1
and rb1 ¼ mb=mX1

. Finally, the
decay rate of the η− is given by [43]

Γðη− → η0π−Þ ¼ G2
F

π
cos2θcf2πΔm3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

π−=Δm2

q
:

ðB12Þ

GF is the Fermi constant. cos θc is the Cabibo angle. fπ and
mπ− are the decay constant and mass of pion, respectively.
Δm is the mass splitting between η− and η0.

2. Model XYBϕ

Assuming λX5 ¼ λB5 ¼ 0, the mass terms of ðX0; XÞ and
ðB0; BÞ in (12) become

−Lmass ¼
X

F¼X;B

ðF0; FÞ
�

mY λFv

λFv mF

��
F0

F

�
; ðB13Þ

where v ¼ hH0i≃ 174 GeV. They can be diagonalized by

�
F0

F

�
¼

�
cos θF −sin θF
sin θF cos θF

��
F2

F1

�
ðF ¼ X;BÞ;

ðB14Þ

where

θF ¼ 1

2
arctan

�
2λFv

mY −mF

�
≃ λFv

mY −mF

≃ 0.07

�
λF
0.1

��
250 GeV
mY −mF

�
: ðB15Þ

The mass splitting in the doublet, mX2
−mB2

, is small for
λB;F ≪ 1:

mF2
−mY ≃ ðλFvÞ2

mY −mF

≃ 1.2 GeV

�
λF
0.1

�
2
�
250 GeV
mY −mF

�

ðF ¼ X;BÞ: ðB16Þ

The partial decay rates of X2 are

ΓðX2 → B1WÞ ¼ 1

32π
cos2θXsin2θB

×
g22m

3
X2

m2
W

fVðrB1
; rWÞβðrB1

; rWÞ ðB17Þ

ΓðX2 → X1ZÞ ¼
1

64π
cos2θXsin2θX

×
g22m

3
X2

m2
W

fVðrX1
; rZÞβðrX1

; rZÞ ðB18Þ

ΓðX2 → X1hÞ ¼
1

32π
ðcos 2θXÞ2λ2XmX2

fhðrX1
; rhÞ

× βðrX1
; rhÞ; ðB19Þ

where rB1
¼ mB1

=mX2
, rW ¼ mW=mX2

, rX1
¼ mX1

=mX2
,

rZ ¼ mZ=mX2
, and rh ¼ mh=mX2

. The functions fV , fh,
and β are given in Eqs. (B8)–(B10). The partial decay
rates of B2 are obtained by replacing X and B. In the limit
of mY −mX;B ≫ v, the branching fractions become
BrðX2 → B1WÞ≃ CB=ðCX þ CBÞ and BrðX2 →X1ZÞ≃
BrðX2→X1hÞ≃ ð1=2Þ ·CX=ðCXþCBÞ, where CF ¼
λ2Fð1þ rFÞ2ð1 − r2FÞ (F ¼ B, X), as expected from the
Goldstone equivalence theorem.
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