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heavy scalar/fermion bound state 
as the origin of diphoton excess 

• If the life time of a heavy colored particle X  is longer than time 
scale forming  XX bound state, there are a channel  

the wave function of the bound state at the origin,  0(0), as follows [35]:

�tot = ���/c4
W +�g g + 2�X , (3)

��� = 48⇡Y 4
X ↵

2 | 0(0)|2/m2
S0

, (4)

�g g = 32⇡↵2
s | 0(0)|2/(3m2

S0
), (5)

where cW ⌘ cos✓W is the Weinberg angle, ↵s = g2
s /(4⇡), and ↵ is the fine structure constant,

respectively. The width �X in Eq. (3) is the total decay width of the heavy fermion X and it
is assumed to be smaller enough than other two terms ���/c4

W and �g g , which corresponds
to �X Æ O (1)MeV. This assumption will be discussed in the next section. Since ��� ⌧ �g g
when YX ⇠ O (1), the signal cross section �(pp! S0! ��) is proportional to Y 4

X .

The wave function and the mass of the bound state, 0(0) and mS0
, must be determined

to evaluate the cross section. They are obtained by solving the Schrödinger equation:
ñ
�r

2
r

mX
+ V (r)� E0

ô
 0(r) = 0, (6)

where E0 is the energy eigenvalue of the state, and thus the mass of the bound state is given
by mS0

= 2mX + E0. Here, the wave function is normalization to be
R

d3r ⇤0(r) 0(r) = 1.
The potential V (r) is composed of two different long-range interactions; one is from the
strong force and the other is from the Coulomb force, so that it is expressed as

V (r) = �Y 2
X

↵

|r| + VQCD(|r|). (7)

The explicit form of the QCD potential VQCD(|r|) is found in Ref. [35], which includes the
scale dependence of ↵s at a short distance as well as the long-range (non-perturbative)
QCD effect.#2 It is worth emphasizing that the Coulomb force contribution gives a sizable
correction to the potential. It enhances the wave function | 0(0)| by 10–30% when YX ¶ 1.
For instance, | 0(0)| ' 88, 90, 94, 99, 105 and 113 GeV1.5 when YX = 0, 2/3, 1, 4/3, 5/3
and 2, respectively, with mS0

being 750 GeV. We discuss it in more details in appendix A
together with a useful fitting function of | 0(0)| for various values of YX .

It is instructive to express the above result in terms of the effective lagrangian Leff, for
Leff is frequently used to discuss the diphoton excess from phenomenological viewpoints.
Since the bound state S0 is a pseudo-scalar particle composed of a pair of SU(2)L singlet
fermions, Leff should involve following dimension-five interactions at leading order:

Leff � CBB

mS0

S0 Bµ⌫ B̃µ⌫ +
Cg g

mS0

S0 Gaµ⌫ G̃a
µ⌫ , (8)

where Bµ⌫ (Ga
µ⌫) and B̃µ⌫ (G̃a

µ⌫) are the field strength tensor of the U(1)Y (SU(3)c) gauge bo-
son and its dual. Matching the effective lagrangian (8) with the diphoton cross section (2),
the absolute values of the coefficients, |CBB| and |Cg g |, turn out to be (4⇡���/c4

W mS0
)1/2 and

(⇡�g g/2mS0
)1/2, respectively. This fact means that the diphoton signal strength is uniquely

determined in our model when the hypercharge YX is fixed. This result is shown in Fig. 1,
where the predictions of our model are depicted by red stars on the (|Cg g |, |CBB|)-plane. For

#2Honestly speaking, the long-range (non-perturbative) QCD effect is negligible in our study, for the typical
Bohr radius of the bound-state S0 is sufficiently small thanks to the mass scale of the heavy fermion X .
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• pp →X Xbar → S → gg, γγ, ZZ we take X  SU(2) singlet  

of the bound state at the LHC. We solve the Schrödinger equation taking the effect of YX into
account, and obtain the wave function of the bound state. The cross section of the diphoton
signal turns out to be sensitive to YX , and found to be consistent with the excess when YX =
4/3. In section 3, we consider the case where X decays into a dark matter particle � and
multiple jets, and study the current collider bound on X by reinterpreting SUSY searches
at the 8 TeV and 13 TeV LHC. We found that the current 13 TeV data have already set the
strongest constraint on X and � with mX ⇠ 375 GeV, however mX �m� ¶ 30 GeV have not
been excluded yet. We will show in section 4 such a mass difference is preferable from a
cosmological viewpoint. Assuming the self-annihilation of � does not alter its thermal relic
density significantly, mX � m� Æ 40 GeV is indeed required for mX ⇠ 375 GeV. We briefly
mention the outlook of our scenario in section 5.

2 Quarkonium Productions and Decays

Various types of colored heavy fermions can contribute to the diphoton excess through their
non-relativistic bound states. We adopt in this paper the fermion which is odd under the Z2
symmetry, triplet under SU(3)c, singlet under SU(2)L and has a hypercharge YX . Essential
part of the Lagrangian describing this heavy fermion X is then given by

L X = X̄ (i /D�mX )X + · · · , (1)

where the covariant derivative is defined as /D = Dµ�µ and Dµ = @µ+i gs (�a/2)Ga
µ+i g 0YX Bµ

with Ga
µ and Bµ being the gluon and U(1)Y gauge boson fields and their corresponding

gauge couplings are gs and g 0, respectively. The mass of X is denoted by mX . The fermion
X have sufficiently short lifetime so that one can avoid stringent constraints from long-
lived colored particle searches at the LHC [29, 30] and to be consistent with cosmology.
The above Lagrangian should thus involve some interactions inducing such a decay, and
will be discussed in the next section, because those are not relevant to the discussion here.

When the heavy fermion X is pair produced near the threshold energy, the pair forms a
bound-state with a significantly enhanced production cross section. The diphoton process
at the LHC, pp ! X X̄ ! ��, is induced dominantly through the production of the lowest
1S0 (J PC = 0�+) state, which is denoted by S0 in our paper. The �� production cross section
through the bound state S0 is in the lowest order calculation computed as

�(pp! S0! ��) = K
s mS0

����g g

�tot

ñ
⇡

8

Z
d x1d x2�(x1 x2�m2

S0
/s) fg(x1) fg(x2)

ô
, (2)

where mS0
denotes the mass of the bound-state, s is the center-of-mass energy squared and

fg(x) is the gluon parton distribution function (PDF) inside a proton. We adopt the PDF of
MSTW2008NLO [31], where the parenthesis of the right-hand side takes a value of about
2137 at

p
s =13 TeV when mS0

= 750 GeV [4]. The so-called K-factor, which is introduced
to take higher order corrections into account, is denoted by K in the above formula, and is
fixed to be two in our analysis.#1 Total decay width of S0 and its partial decay widths into
photons and gluons are denoted by �tot, ��� and �g g , respectively. The widths are given by

#1There are two contributions to the K factor. First one is from perturbative QCD corrections and it enhances
the cross section by⇠ 50% [32]. The other one is from excited 1S0 bound states and those give another⇠ 50%
enhancement [33]. Contribution from continuum states above the threshold is negligible when YX Æ 2 [34].
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bound state of X
• wave function at origin 
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QED part+ linear part

YX a0 a1 a2 a3 a4 b0 b1 b2 b3 b4
0 87.78 114.4 76.85 37.76 10.71 4.119 2.458 0.9314 0.2429 0.04078

1/3 88.44 115.3 77.54 38.14 10.82 4.145 2.481 0.9416 0.2461 0.04143
2/3 90.44 118.1 79.64 39.30 11.17 4.226 2.552 0.9726 0.2557 0.04341
1 93.82 122.9 83.20 41.25 11.76 4.363 2.672 1.026 0.2721 0.04682

4/3 98.64 129.8 88.28 44.05 12.61 4.559 2.845 1.102 0.2960 0.05180
5/3 105.0 138.8 95.01 47.76 13.73 4.822 3.077 1.206 0.3285 0.05858
2 112.6 150.7 104.5 51.83 14.40 5.162 3.366 1.322 0.3812 0.07999

Table 4: Coefficients an and bn for the fitting functions for �0(0) and E0 in Eq. (13).

tional Research Center Initiative (WPI), MEXT, Japan. The work of K.I. is supported in part
by a JSPS Research Fellowships for Young Scientists.

A Fitting functions for | 0(0)| and E0

The wave function at origin, | 0(0)|, and the corresponding energy eigenvalue E0 of the
bound state S0 are required to compute the signal cross section for the diphoton excess.
Fitting functions of these two quantities for various hypercharges YX are given by

| 0(0)|=
4X

n=0

an [ ln (mS0
/750 GeV) ]n, E0 =

4X

n=0

bn [ ln (mS0
/750 GeV) ]n, (13)

where the coefficients an and bn for various YX are given in Table 4. It is worth emphasizing
here that our fitting results with YX = 0 are consistent with those in Ref [35]. In fact the
difference is at most four percent in the range of 200 GeV  mS0

 1 TeV. Note also that our
fitting functions were verified to work up to the case with 200 GeV  mS0

 2 TeV.

B Signals from S1 bound state

The spin one bound state S1 is produced dominantly by quark-antiquark collisions at the
LHC, and then decays into various pairs of SM particles, such as a lepton pair. As in the S0
case, the signal cross section of the S1 bound state into the x x̄ final state is given by

�(pp! S1! x x̄) =
3 K1

s mS1

X

q

�(1)x x̄ �
(1)
qq̄

�(1)tot

ñ
4⇡2

9

Z
d x1d x2�(x1 x2�m2

S1
/s) fq(x1) fq̄(x2)

ô
,(14)

where mS1
is the mass of the bound-state. Since S1 exactly degenerates S0 in mass at leading

order, it is the same as mS0
. The quark and antiquark PDFs inside a proton are denoted by

fq(x) and fq̄(x). According to MSTW2008NLO [31], the parenthesis of the right hand side
gives, e.g. 158, 89 and 7.2 for q = u, d and s, respectively, at

p
s = 8 TeV with mS1

being
750 GeV [4]. The so-called K-factor is denoted by K1 in the above cross section.

The total decay width of the S1 bound state and its partial decay width into the x x̄ final
state are denoted by �(1)tot and �(1)x x̄ , respectively, and their explicit forms are given by

�(1)tot = 82
⇡Y 2

X ↵
2 | 1(0)|2

c4
W m2

S1

, �(1)x x̄ = cx x̄
⇡Y 2

X ↵
2 | 1(0)|2

c4
W m2

S1

. (15)
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numerically solve and fit　 
(consistent with Hagiwara Kato Martine, Ng 1990 for Y=0 )   
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Abnormal candidate remains 
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Figure 1: Red stars are predictions of our model on the (|Cg g |, |CBB|)-plane with YX being 2/3, 1,
4/3, 5/3 and 2, respectively. Contours of the diphoton cross section as a function of |Cg g | and |CBB|
are also shown by gray-dashed lines. Darker (lighter) green-shaded region corresponds to the cross
section experimentally favored by the diphoton excess at 1� (2�) level [3].

comparison, we also show contours of the diphoton cross section by grey-dashed lines as
a function of |Cg g | and |CBB|. The region painted by a darker (lighter) green color corre-
sponds to the one favored by the diphoton excess at 1� (2�) level [3]. It is worth notifying
that the increase of |Cg g | with respect to YX is from the hypercharge dependence of the
wave function, | 0(0)|. It can be seen that the heavy fermion with YX = 4/3 explains the
diphoton excess very well, so that will use it as a canonical model in following discussions.

2.1 Other bound state signals

When the bound state S0 is produced, it can decay into other channels, which have also
been searched for at the 8 TeV LHC. Since S0 is composed of SU(2)L singlet fermions, it
does not decay into W+W� but into Z�, Z Z due to the electroweak symmetry breaking.
Production cross sections of the channels at 8 TeV, �(pp! S0! Z�, Z Z), and experimental
limits on the cross sections obtained from 8 TeV data are shown in Table 1 with mX and YX
being 750 GeV and 4/3, respectively.#3 Experimental limits on both of the channels are still
weak, though the Z� channel will be important to test the model at the 13 TeV LHC.

At the threshold energy, the pp collision also produces a bound state which is color
neutral but has a spin one with quantum numbers, 3S1 (J PC = 0��), which is denoted by
S1 in this paper.#4 The bound state S1 degenerates with S0 in mass, and is produced dom-

#3All the production cross sections in the table have been computed at leading order, namely with the
K-factor being one, because the cross sections are already much below the experimental limits at the 8 TeV
LHC.

#4There are no color-octet bound states, because the strong SU(3)c interaction acts as a repulsive force.

4

Numerically tough calculation,  completely relay on Ishikawa-san 



Thoughts about X decay
• There are no dim 4 operator involving X and SM 
particles  →The X decay must be  suppressed 
by some cutoff scale Λ　→Consistent with 
small width assumption to get signal

• If X is Z2 odd  in some conserved parity, decaying 
into lightest Z2 odd particle (dark matter)  

• X: strongly interacting particle with  (3,0,-4/3)  

• χ: weakly interacting particle. X and χ interact 
through some  higher dim operators  such as 

@8TeV Prediction Limit Reference
S0! Z� 0.74 fb 4.0 fb [36]
! Z Z 0.11 fb 12 fb [37]

S1! `+`� 0.13 fb 1.2 fb [38]
! ⌧+⌧� 0.064 fb 12 fb [39]
! t t̄ 0.072 fb 550 fb [40]
! bb̄ 0.021 fb 1 pb [41]

S0+ S1! j j 7 fb 2.5 pb [42, 43]

Table 1: Production cross sections predicted by our model with mX and YX being 750 GeV and 4/3,
respectively, and experimental limits on those from the 8 TeV LHC data. See text for more details.

inantly through the s-channel diagram of �/Z from quark-antiquark collisions at leading
order. The bound state S1 decays into various fermion pairs. Among those, the decay into
a lepton pair (`+`� = e+e� + µ+µ� or ⌧+⌧�) gives the most sensitive limit, while the next
one is the t t̄ channel. Their production cross sections and experimental limits from 8 TeV
data are shown in Table 1. Since the cross sections are smaller than those of S0, 8 TeV limits
are weak, though the lepton channel would serve another test of the model in future.

Before closing this section, we also address other signals from S0 and S1. Both of the
bound states decay into two jets; a gluon pair from S0, while light quark (u, d, s and c)
pairs from S1. Since the total production cross sections of the two jet channel are still much
smaller than the experimental limit as shown in Table 1, this channel is useless to test the
model. The bound state S1 can decay into a bottom quark pair, though it is less significant
than the t t̄ channel as can be seen in the table. This bound state also decays into W+W�
and hZ but their partial decay widths are rather suppressed compared to other channels,
so that these channels cannot be used to test the model. For the sake of convenience, some
formulae for the S1 production cross sections are summarized in appendix B.

3 LHC direct search bounds on Heavy Fermion X

In this section, we consider a scenario where a Z2-odd fermion X with its hypercharge YX
decays into a stable and neutral Z2-odd particle � , and discuss the current constraint on
X from 8 TeV and 13 TeV data at the LHC. We found in the previous section that the best
fit value of YX for the diphoton excess is 4/3. For a Z2-odd fermion with such an exotic
hypercharge, we cannot write down any renormalizable interaction involving X , � and SM
particle(s). Interactions inducing X decays are thus written by higher dimensional opera-
tors. For such an operator with a mass dimension as low as possible, OF ⇠ (X̄ uc) (�̄uc)/⇤2

(OS ⇠ (X̄ dc) (ūcdc)�/⇤3) can be found for a fermionic (bosonic) � . Based on a naive di-
mensional analysis, the operators OF and OS lead to �X ⇠ (1/128⇡3) (m5

X/⇤
4) ⇠ O (1)MeV

and �X ⇠ (1/1024⇡5) (m7
X/⇤

6)⇠ O (0.01)MeV, respectively, when ⇤ = 1 TeV. The smallness
of the X width is required to enhance the diphoton signal as mentioned in the previous
section and it is automatically guaranteed thanks to the exotic hypercharge.

As a result, the decay of X proceeds as X ! � + n-jets, where n � 2 (3) when � is a
fermion (boson). We mainly consider the n = 3 case in this paper. On the other hand, we
have to consider a vertex with the color structure of ✏i jk X̄ iuc

ju
c
k for the n= 2 case, but there

are subtle points to simulate the color flow of the vertex. In order to estimate the efficiency
of the signal detection in the n = 2 case, we thus have generated events using the decay
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@8TeV Prediction Limit Reference
S0! Z� 0.74 fb 4.0 fb [36]
! Z Z 0.11 fb 12 fb [37]

S1! `+`� 0.13 fb 1.2 fb [38]
! ⌧+⌧� 0.064 fb 12 fb [39]
! t t̄ 0.072 fb 550 fb [40]
! bb̄ 0.021 fb 1 pb [41]

S0+ S1! j j 7 fb 2.5 pb [42, 43]

Table 1: Production cross sections predicted by our model with mX and YX being 750 GeV and 4/3,
respectively, and experimental limits on those from the 8 TeV LHC data. See text for more details.
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(OS ⇠ (X̄ dc) (ūcdc)�/⇤3) can be found for a fermionic (bosonic) � . Based on a naive di-
mensional analysis, the operators OF and OS lead to �X ⇠ (1/128⇡3) (m5

X/⇤
4) ⇠ O (1)MeV

and �X ⇠ (1/1024⇡5) (m7
X/⇤

6)⇠ O (0.01)MeV, respectively, when ⇤ = 1 TeV. The smallness
of the X width is required to enhance the diphoton signal as mentioned in the previous
section and it is automatically guaranteed thanks to the exotic hypercharge.

As a result, the decay of X proceeds as X ! � + n-jets, where n � 2 (3) when � is a
fermion (boson). We mainly consider the n = 3 case in this paper. On the other hand, we
have to consider a vertex with the color structure of ✏i jk X̄ iuc

ju
c
k for the n= 2 case, but there

are subtle points to simulate the color flow of the vertex. In order to estimate the efficiency
of the signal detection in the n = 2 case, we thus have generated events using the decay

5



dark matter density 

Scalar Dark Matter

Fermionic Dark Matter

M2

SR5 SR6
SR2jm

365 370 375 380 385 390 395

10

20

30

40

50

mX (GeV)

Δm
(G
eV

)

Figure 2: Parameter regions excluded by the 8 TeV LHC (M2, SR5 and SR6) and the 13 TeV LHC
(SR2jm) at 95% C.L. on the (mX ,�m)-plane. Systematic uncertainty of 16% on the signal cross
section is assumed. The region not favored from the dark matter (�) cosmological viewpoint is also
shown for both the cases of scalar and the fermionic � . See text for more details.

We found that the most sensitive signal region for our scenario is SR2jm which are designed
for the compressed spectra, where nj � 2 for jets with pT > 50 GeV & |⌘| < 2.8 and the
leading jet pT > 300 GeV are required to select mono-jet like events. We summarize in
Table 3 the most sensitive signal regions in Refs. [44–46] for our scenario.

Our results are summarized in Fig. 2, where parameter regions excluded at 95% C.L.
are shown on the (mX ,�m)-plane. Those are obtained using the prescription [58], �sig �
2��sig < �

95%
obs , in each selected signal region, where �sig is the signal cross section after

all the selection cuts applied in each signal region, while ��sig is its error which is taken
to be 16%, and �95%

obs is the 95% C.L. experimental upper limit on �sig quoted from the
corresponding ATLAS analysis. Larger�m provides less mono-jet like events with mX being
fixed, because additional jet activities reduce /ET relative to the total activity of the events
and thus reduce signal efficiencies. It can be seen that the parameter region with �m ¶
30 GeV has not been excluded yet by the mono-jet searches when mX ⇠ 375 GeV. The signal
regions SR5 and SR6 in Ref. [45] set much stringent constraints compared to the M2 region
in Ref. [44]. The M2 region was indeed optimized for the scalar top search, as it requires
strong criteria on the number of additional jets, leading to the reduction of multi-jet signal
events in our case. This is because the mass scale of X is higher than that expected in the
original scalar top analysis, and the probability to have additional jets becomes higher in
our case. The 13 TeV limit from the SR2jm region is slightly stronger than the 8 TeV results.
We find, however, the region with �m¶ 30 GeV still survives for mX ⇠ 375 GeV.

In the same figure, we have also depicted the parameter region that is not favored from
the cosmological viewpoint of � (dark matter). When � is a scalar (fermionic) particle, the
region with �m ¶ 50 (40) GeV is not favored, for the thermal relic density of � exceeds
the dark matter density observed today assuming that the self-annihilation cross section
of � is small. See the next section for more details. It can be seen that there is still an
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dark matter density  
is small enough  here

available region consistent with both the current LHC limits and the DM relic abundance.
Interestingly, there is a 1� level excess observed in the SR2jm region against the estimated
SM backgrounds and the systematic error is dominated. Our scenario is therefore com-
patible with the current situation and the entire parameter region can be probed once the
systematic error is reduced by accumulating more events in near future.

4 Cosmology of �

We saw in the previous section that the mass difference between the dark matter particle
� and the new heavy fermion X should be small enough but still larger than ⇠30 GeV to
avoid the constraint from LHC direct searches. Such a mass difference is also favored from
the viewpoint of dark matter cosmology, and this is the topic discussed in this section.

Since � is degenerate with X in mass, (co)annihilation processes among the two parti-
cles play crucial roles to determine the dark matter relic abundance at present universe. Let
us first check whether or not the chemical equilibrium between the two particles is main-
tained during the freeze-out epoch. Since X eventually decays into � by emitting some SM
particles, some interaction must exist between X and � , where its reaction rate is parame-
terized by the decay width of X , namely �X . There is an upper limit on �X so that it does
not dominate the total decay width of the X -quarkonium, which reads �X Æ O (1)MeV. On
the other hand, the width should be larger than the expansion rate of the universe during
the freeze-out epoch, which is given by �X � H with H ⇠ O (10�16)GeV being the Hubble
constant during the epoch. These two conditions are thus easily satisfied simultaneously,
and the two particles � and X can be assumed to be in the chemical equilibrium.

The relic abundance of the dark matter � is then determined by so-called the thermally
averaged effective annihilation cross section, which is in our scenario given as follows:

h�vi=X
i j

h�i j vi gi g j

g2
eff

(1+�i)3/2(1+� j)3/2 exp[�x (�i +� j)], (11)

where gi is the spin and color degree of freedom for the particle ‘i’, while x = m�/T and
�i = (mi�m�)/m� with m� , T and mi being the dark matter mass, the temperature of the
universe and the mass of the particle ‘i’, respectively. The thermally averaged annihilation
cross section between the particles ’i’ and ‘ j’ is denoted by h�i j vi with v being the relative
velocity between the two particles. The effective degree of freedom geff is defined by geff =P

i gi(1+�i)3/2 exp(�x�i). The index ‘i’ runs among the dark matter � , the new vector-
like quark X and its anti-particle X̄ in our setup. Annihilation cross sections ��X and �� X̄
are negligibly small, because the interaction between the two particles are suppressed, as
mentioned in the previous paragraph. The same reason is applied for cross sections�X X and
�X̄ X̄ . We also assume ��� ⌧ �X X̄ in our analysis, which is justified in particular when � is a
fermion singlet under the SM gauge group, because all renormalizable interactions of such
a particle are forbidden due to the SM gauge symmetry and the Z2 symmetry to stabilize the
dark matter particle. The effective annihilation cross section is therefore simply determined
by the annihilation cross section between X and X̄ , namely �X X̄ in this setup.

Main contribution to the annihilation cross section �X X̄ comes from QCD processes.
Neglecting all the masses of SM particles, which is verified when X is enough heavier than

9

available region consistent with both the current LHC limits and the DM relic abundance.
Interestingly, there is a 1� level excess observed in the SR2jm region against the estimated
SM backgrounds and the systematic error is dominated. Our scenario is therefore com-
patible with the current situation and the entire parameter region can be probed once the
systematic error is reduced by accumulating more events in near future.

4 Cosmology of �

We saw in the previous section that the mass difference between the dark matter particle
� and the new heavy fermion X should be small enough but still larger than ⇠30 GeV to
avoid the constraint from LHC direct searches. Such a mass difference is also favored from
the viewpoint of dark matter cosmology, and this is the topic discussed in this section.

Since � is degenerate with X in mass, (co)annihilation processes among the two parti-
cles play crucial roles to determine the dark matter relic abundance at present universe. Let
us first check whether or not the chemical equilibrium between the two particles is main-
tained during the freeze-out epoch. Since X eventually decays into � by emitting some SM
particles, some interaction must exist between X and � , where its reaction rate is parame-
terized by the decay width of X , namely �X . There is an upper limit on �X so that it does
not dominate the total decay width of the X -quarkonium, which reads �X Æ O (1)MeV. On
the other hand, the width should be larger than the expansion rate of the universe during
the freeze-out epoch, which is given by �X � H with H ⇠ O (10�16)GeV being the Hubble
constant during the epoch. These two conditions are thus easily satisfied simultaneously,
and the two particles � and X can be assumed to be in the chemical equilibrium.

The relic abundance of the dark matter � is then determined by so-called the thermally
averaged effective annihilation cross section, which is in our scenario given as follows:

h�vi=X
i j

h�i j vi gi g j

g2
eff

(1+�i)3/2(1+� j)3/2 exp[�x (�i +� j)], (11)

where gi is the spin and color degree of freedom for the particle ‘i’, while x = m�/T and
�i = (mi�m�)/m� with m� , T and mi being the dark matter mass, the temperature of the
universe and the mass of the particle ‘i’, respectively. The thermally averaged annihilation
cross section between the particles ’i’ and ‘ j’ is denoted by h�i j vi with v being the relative
velocity between the two particles. The effective degree of freedom geff is defined by geff =P

i gi(1+�i)3/2 exp(�x�i). The index ‘i’ runs among the dark matter � , the new vector-
like quark X and its anti-particle X̄ in our setup. Annihilation cross sections ��X and �� X̄
are negligibly small, because the interaction between the two particles are suppressed, as
mentioned in the previous paragraph. The same reason is applied for cross sections�X X and
�X̄ X̄ . We also assume ��� ⌧ �X X̄ in our analysis, which is justified in particular when � is a
fermion singlet under the SM gauge group, because all renormalizable interactions of such
a particle are forbidden due to the SM gauge symmetry and the Z2 symmetry to stabilize the
dark matter particle. The effective annihilation cross section is therefore simply determined
by the annihilation cross section between X and X̄ , namely �X X̄ in this setup.

Main contribution to the annihilation cross section �X X̄ comes from QCD processes.
Neglecting all the masses of SM particles, which is verified when X is enough heavier than

9

mass difference 

available region consistent with both the current LHC limits and the DM relic abundance.
Interestingly, there is a 1� level excess observed in the SR2jm region against the estimated
SM backgrounds and the systematic error is dominated. Our scenario is therefore com-
patible with the current situation and the entire parameter region can be probed once the
systematic error is reduced by accumulating more events in near future.

4 Cosmology of �

We saw in the previous section that the mass difference between the dark matter particle
� and the new heavy fermion X should be small enough but still larger than ⇠30 GeV to
avoid the constraint from LHC direct searches. Such a mass difference is also favored from
the viewpoint of dark matter cosmology, and this is the topic discussed in this section.

Since � is degenerate with X in mass, (co)annihilation processes among the two parti-
cles play crucial roles to determine the dark matter relic abundance at present universe. Let
us first check whether or not the chemical equilibrium between the two particles is main-
tained during the freeze-out epoch. Since X eventually decays into � by emitting some SM
particles, some interaction must exist between X and � , where its reaction rate is parame-
terized by the decay width of X , namely �X . There is an upper limit on �X so that it does
not dominate the total decay width of the X -quarkonium, which reads �X Æ O (1)MeV. On
the other hand, the width should be larger than the expansion rate of the universe during
the freeze-out epoch, which is given by �X � H with H ⇠ O (10�16)GeV being the Hubble
constant during the epoch. These two conditions are thus easily satisfied simultaneously,
and the two particles � and X can be assumed to be in the chemical equilibrium.

The relic abundance of the dark matter � is then determined by so-called the thermally
averaged effective annihilation cross section, which is in our scenario given as follows:

h�vi=X
i j

h�i j vi gi g j

g2
eff

(1+�i)3/2(1+� j)3/2 exp[�x (�i +� j)], (11)

where gi is the spin and color degree of freedom for the particle ‘i’, while x = m�/T and
�i = (mi�m�)/m� with m� , T and mi being the dark matter mass, the temperature of the
universe and the mass of the particle ‘i’, respectively. The thermally averaged annihilation
cross section between the particles ’i’ and ‘ j’ is denoted by h�i j vi with v being the relative
velocity between the two particles. The effective degree of freedom geff is defined by geff =P

i gi(1+�i)3/2 exp(�x�i). The index ‘i’ runs among the dark matter � , the new vector-
like quark X and its anti-particle X̄ in our setup. Annihilation cross sections ��X and �� X̄
are negligibly small, because the interaction between the two particles are suppressed, as
mentioned in the previous paragraph. The same reason is applied for cross sections�X X and
�X̄ X̄ . We also assume ��� ⌧ �X X̄ in our analysis, which is justified in particular when � is a
fermion singlet under the SM gauge group, because all renormalizable interactions of such
a particle are forbidden due to the SM gauge symmetry and the Z2 symmetry to stabilize the
dark matter particle. The effective annihilation cross section is therefore simply determined
by the annihilation cross section between X and X̄ , namely �X X̄ in this setup.

Main contribution to the annihilation cross section �X X̄ comes from QCD processes.
Neglecting all the masses of SM particles, which is verified when X is enough heavier than

9

the SM particles, the effective annihilation cross section h�vi eventually reads#5

h�vi ' 2
43⇡↵2

s

27m2
X

36 (1+�X )3 exp(�2x�X )î
g� + 12 (1+�X )3/2 exp(�x�X )

ó2 . (12)

According to the method developed in Ref. [59] and using the cross section h�vi computed,
the relic abundance of the dark matter at present universe is obtained by solving the Boltz-
mann equation. Our result is shown in Fig 2 as a thin orange (pink) band and a shaded
region with the same color, where the dark matter particle is assumed to be a fermion
(scalar). When mX and �m⌘ mX �m� are inside the band, the correct relic abundance ob-
served today, ⌦DMh2 ' 0.112, is reproduced at 95% confidence level neglecting systematic
errors associated with theory predictions. The relic abundance exceeds the observed value
in the shaded region, so that it is excluded. As can be seen in the figure, the mass difference
�m of about 40 (50) GeV is favored for a fermionic (scalar) dark matter � , which is within
the region evading the direct heavy fermion X searches at the LHC.

5 Outlook

We have shown that the non-relativistic bound state of a pair of the colored particles X
with mX ⇠ 375 GeV and YX = 4/3 can be responsible for the 750 GeV diphoton excess. This
scenario is consistent with current LHC data from pp! X X̄ if X decays into a stable neutral
particle � and multiple soft jets though higher dimensional operators. The mass difference
between the new particles �m = mX � m� must be small to avoid hard jets + missing
ET constraints, but must also be large enough to avoid mono-jet search constraints. �m >
30 GeV is required for mX ⇠ 375 GeV. On the other hand, the stable particle � in the scenario
can be a dark matter in our universe. Even assuming the pair annihilation of � is small,
its thermal relic density can be small enough if �m < 40 (50)GeV when � is a fermion
(scalar). Collider constraints on mono-jet searches would be more stringent in future, and
it will excludes or proves the entire region satisfying this cosmological constraint.

The diphoton signature is currently not significant enough statistically. Even if the
diphoton excess does not survive in future, our work is still useful to constrain a class
of scenario where a dark matter couples to a heavy colored fermion but does not couple to
the SM sector at leading order. For integrated luminosity of 3000 fb�1, which is in the scope
of so-called the high luminosity LHC, the LHC can give a factor of 1/30 more stringent limit
on the signal cross section �(pp! S0! ��) than the current one in purely statistical con-
sideration. This is sufficient to access another type of the heavy colored fermion X 0 with
YX 0 = 2/3, which has the same charge of the standard model top quark. The search for the
mono-jet signal should also constrain the scenario, however its constraint may suffer more
from theoretical and systematical errors compared with the case of the diphoton resonance
search.
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#5We use in our numerical computation a more accurate formula for �X X̄ including electroweak processes.
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degenerate BSM  search 
hard ISR (better prediction)

χ

χ
SM particle rather  
difficult to be seen 
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degenerate heavy fermion search  at LHC
• generate p p → X X upto 2jet  matched sample. 
• force X to decay into X-> χ jj or χ jjj  to obtain efficiency.  
• signature  is therefore  jet (ISR , hard) + missing + soft activities  
• compare with ATLAS and CMS SUSY searches results using checkmate

/ET [GeV] pT j1 [GeV] �� ( j, /pT ) nj /ET/
p

HT meff (incl.) �95%
obs Ref.

M2 340 340 0.4  3 - - 28.4 fb [44]
SR5 350 0.5/ET 1.0 - - - 21 fb [45]
SR6 400 0.5/ET 1.0 - - - 12 fb [45]
SR2jm 200 300 0.4 � 2 15 GeV1/2 1.2 TeV 21 fb [46]

Table 3: Signal regions and upper bounds on the signal cross sections at 95% C.L. Here, pT, j1 , HT
and meff (incl.) are the leading jet pT , the scalar pT sum of all jets and HT + /ET , respectively.

available, however currently is not. We adopt 16% theoretical error for (the cross section)
⇥ (the acceptance), which is the one quoted for the degenerate stop study at NLO [44].

Among various results obtained at the 8 TeV LHC, the mono-jet searches [44, 45] are
found to be particularly important for our scenario. In the former reference [44], the fol-
lowing kinematical cuts have been adopted for all of the signal regions:

• /ET > 150 GeV.

• At least a jet with pT > 150 GeV and |⌘|< 2.8.

• nj  3 where nj is the number of jets with pT > 30 GeV and |⌘|< 2.8.

• �� ( j, /pT )> 0.4 for each jet.

• No isolated leptons with pT,` > 10 GeV.

Here, �� ( j, /pT ) is the azimuthal angle separation between the missing momentum and
a jet selected by the cuts. Signal regions are then categorized into M1–M3 according to
different cuts on /ET and the leading jet pT . On the other hand, in the latter reference [45],
the following kinematical cuts have been adopted for all of the signal regions:

• /ET > 150 GeV.

• pT//ET > 0.5 for the leading jet.

• �� ( j, /pT )> 1.0.

• No isolated leptons with pT,` > 7 GeV.

The requirement on �� ( j, /pT ) is applied for each jet with pT > 30 GeV and |⌘| < 4.5.
Signal regions are categorized into SR1–SR9 according to different cuts on /ET . Note that
the signal regions are overlapped with each other, and thus statistically not independent.
The upper limit on the maximum number of resolved jets and rather large pT values for
the leading jet are required in the signal regions M1–M3. Those select only events which
are close to pure mono-jet ones and thus gives a weaker bound compared to the one from
SR5–SR6. Moreover, we have found that searches for squarks and gluinos using jets and
missing momentum events at the 13 TeV LHC [46] have already set a severe constraint on
our scenario. Following kinematical cuts have been adopted for all of the signal regions,

• /ET > 200 GeV.

• �� ( j, /pT )> 0.8.

• No isolated leptons with pT,` > 10 GeV.
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background modeling at 13TeVTable 4: Breakdown of the dominant systematic uncertainties on the background estimates. The individual un-
certainties can be correlated, and do not necessarily add up quadratically to the total background uncertainty. �µ
uncertainties are the result of the control region statistical uncertainties and the systematic uncertainties entering a
specific control region. In brackets, uncertainties are given relative to the expected total background yield. Empty
cells (indicated by a ‘-’) correspond to uncertainties lower than 1 per mil.

Channel 2jl 2jm 2jt 4jt 5j 6jm 6jt
Total bkg 237 163 20 3.5 11.7 5.5 3.1
Total bkg unc. ±22 [9%] ±20 [12%] ±5 [25%] ±0.8 [23%] ±2.2 [19%] ±1.2 [22%] ±0.9 [29%]
MC statistics – ±1.8 [1%] ±0.5 [3%] ±0.26 [7%] ±0.5 [4%] ±0.35 [6%] ±0.27 [9%]
�µZ+jets ±6 [3%] ±5 [3%] ±2.0 [10%] ±0.5 [14%] ±0.8 [7%] ±0.6 [11%] ±0.4 [13%]
�µW+jets ±4 [2%] ±4 [2%] ±0.7 [3%] ±0.32 [9%] ±0.7 [6%] ±0.5 [9%] ±0.4 [13%]
�µTop ±1.2 [1%] ±1.6 [1%] ±0.21 [1%] ±0.26 [7%] ±0.32 [3%] ±0.21 [4%] ±0.24 [8%]
�µMulti�jet ±0.05 [0%] ±0.09 [0%] – – – – –
CR� corr. factor ±8 [3%] ±6 [4%] ±0.8 [4%] ±0.1 [3%] ±0.29 [2%] ±0.13 [2%] ±0.07 [2%]
Theory W ±1.4 [1%] ±2.3 [1%] ±0.4 [2%] ±0.22 [6%] ±0.7 [6%] ±0.4 [7%] ±0.34 [11%]
Theory Z ±6 [3%] ±3.2 [2%] ±4 [20%] ±0.32 [9%] ±0.9 [8%] ±0.32 [6%] ±0.3 [10%]
Theory Top ±2.7 [1%] ±2.1 [1%] ±0.5 [3%] ±0.24 [7%] ±0.2 [2%] ±0.27 [5%] ±0.2 [6%]
Theory Diboson ±16 [7%] ±16 [10%] ±2.0 [10%] – ±1.0 [9%] – –
Jet/Emiss

T ±1.5 [1%] ±2.1 [1%] ±0.29 [1%] ±0.14 [4%] ±0.8 [7%] ±0.4 [7%] ±0.27 [9%]

boson. In this VR the leptons are treated as contributing to Emiss
T . The CRW and CRT estimates of the

W+jets and top quark background are validated with the same CRW and CRT selections, but reinstating
the requirement on ��(jet, Emiss

T )min and Emiss
T /me↵(Nj) (or Emiss

T /
p

HT as appropriate), and treating the
lepton either as a jet or as contributing to Emiss

T . The CRQ estimates of the multi-jet background are
validated with VRs for which the CRQ selection is applied, but with the SR Emiss

T /me↵(Nj) (Emiss
T /

p
HT)

requirement reinstated, or with a requirement of an intermediate value of ��(jet, Emiss
T )min applied. Most

VR observations lie within 1 standard deviation (�) of the background expectations, with the largest
discrepancy of 1.9 � in the VR used to validate the W+jets estimate in the 6jm region; this particular VR
requires the same selections as the corresponding SR, except that a lepton is required and is treated as
contributing to Emiss

T .

Distributions of me↵(incl.) obtained before the final selections on this quantity (but after applying all
other selections), for data and the di↵erent MC samples normalised with the theoretical cross-sections,
i.e. before applying the normalisation from the CR fit, are shown in Figures 3–4. Examples of typical
expected SUSY signals are shown for illustration. These signals correspond to the processes to which
each SR is primarily sensitive – q̃q̃ production for the lower jet-multiplicity SRs and g̃g̃ production for
the higher jet-multiplicity SRs. In these figures data and background distributions largely agree within
uncertainties.

The number of events observed in the data and the number of SM events expected to enter each of the
signal regions, determined using the background-only fit, are shown in Table 5 and Figure 5. The pre-
fit background expectations are also shown in Table 5 for comparison. The fit to the CRs for each SR
compensates for the di↵erences related to the overall normalization of the background seen in Figures 3–
4, leading to good agreement between data and post-fit expectations.
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Background Estimation at LHC:NNLO cross section  and 
+NLO multijet   for some process 
 

Biggest uncertainty comes  
from the process calculated  

only up to one loop 

Signal cross section 
is NNLO level but  

not ready for NLO multi jet 
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Figure 2: Parameter regions excluded by the 8 TeV LHC (M2, SR5 and SR6) and the 13 TeV LHC
(SR2jm) at 95% C.L. on the (mX ,�m)-plane. Systematic uncertainty of 16% on the signal cross
section is assumed. The region not favored from the dark matter (�) cosmological viewpoint is also
shown for both the cases of scalar and the fermionic � . See text for more details.

We found that the most sensitive signal region for our scenario is SR2jm which are designed
for the compressed spectra, where nj � 2 for jets with pT > 50 GeV & |⌘| < 2.8 and the
leading jet pT > 300 GeV are required to select mono-jet like events. We summarize in
Table 3 the most sensitive signal regions in Refs. [44–46] for our scenario.

Our results are summarized in Fig. 2, where parameter regions excluded at 95% C.L.
are shown on the (mX ,�m)-plane. Those are obtained using the prescription [58], �sig �
2��sig < �

95%
obs , in each selected signal region, where �sig is the signal cross section after

all the selection cuts applied in each signal region, while ��sig is its error which is taken
to be 16%, and �95%

obs is the 95% C.L. experimental upper limit on �sig quoted from the
corresponding ATLAS analysis. Larger�m provides less mono-jet like events with mX being
fixed, because additional jet activities reduce /ET relative to the total activity of the events
and thus reduce signal efficiencies. It can be seen that the parameter region with �m ¶
30 GeV has not been excluded yet by the mono-jet searches when mX ⇠ 375 GeV. The signal
regions SR5 and SR6 in Ref. [45] set much stringent constraints compared to the M2 region
in Ref. [44]. The M2 region was indeed optimized for the scalar top search, as it requires
strong criteria on the number of additional jets, leading to the reduction of multi-jet signal
events in our case. This is because the mass scale of X is higher than that expected in the
original scalar top analysis, and the probability to have additional jets becomes higher in
our case. The 13 TeV limit from the SR2jm region is slightly stronger than the 8 TeV results.
We find, however, the region with �m¶ 30 GeV still survives for mX ⇠ 375 GeV.

In the same figure, we have also depicted the parameter region that is not favored from
the cosmological viewpoint of � (dark matter). When � is a scalar (fermionic) particle, the
region with �m ¶ 50 (40) GeV is not favored, for the thermal relic density of � exceeds
the dark matter density observed today assuming that the self-annihilation cross section
of � is small. See the next section for more details. It can be seen that there is still an
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The limit depends on  signal error 
assumptions (we take 16%)

13TeV data gives best limit, and 
the limit  is weaker than 

expected  

Tight mono-jet requirement leads worse sensitivity for heavy 
quark: (more ISR). Stop search is optimize  for M2   

limit is weaker here 
because mono-jet condition 
(pT1 vs ETmiss ) 
two body decay case ( X-> 
jχ) is excluded  by multi-
jets+ missing search 



summary 
• Heavy quark and dark  matter for 750GeV 
resonance: We proposed　a effective theory  with 
rather few number of particles.   It turns out this is a 
new class of effective DM theory with almost Model 
independent prediction of DM density.  

• Our case  still barely survives from mono-jet search 
constraints.   More stringent constraint this year, if 
scale dependence of the signal can be controlled.    

• LHC will exclude narrow width heavy fermion 
though  γγchannel.


