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We consider the possibility of interpreting the recently reported diphoton excess at 750 GeV as a spin-
two massive particle (such as a Kaluza-Klein graviton in warped extra-dimensions) which serves as a
mediator to Dark Matter via its gravitational couplings to the dark sector and to the Standard Model
(SM). We model non-universal couplings of the resonance to gauge bosons in the SM and to Dark Matter
as a function on their localization in the extra dimension. We find that scalar, fermion or vector dark
matter can saturate the dark matter relic density by the annihilation of dark matter into a pair of the
SM particles or heavy resonances, in agreement with the diphoton resonance signal strength. We check
the compatibility of our hypothesis with other searches for the KK graviton. We show that the invisible
decay rate of the resonance into a pair of dark matter is subdominant in the region of the correct relic
density, hence leading to no constraints from the mono-jet bound at 8 TeV via the gluon coupling. We
also discuss the kinematic features of the decay products of a KK graviton to distinguish the KK graviton

from the SM backgrounds or a scalar particle interpretation of the diphoton resonance.
© 2016 The Authors. 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 data with 3.2 fb~! [1] and CMS data with
2.6 fb~! [2] have shown a tantalizing hint for a diphoton reso-
nance around 750 GeV. The required production cross section for
the diphoton resonance is about 6.2 +0.1 fb when Run 1 CMS and
Run 2 CMS-ATLAS data are combined [3]. The compatibility of the
signal hypothesis depends on the width of the resonance. Whereas
CMS data prefer a narrow resonance, in the case of ATLAS, the lo-
cal significance varies slightly from 3.60 for a narrow width, to
3.90 for a broader resonance of 45 GeV. CMS has done a com-
bination of their Run 1 and Run 2 data at around the resonance
mass of 750 GeV, finding that their significance amounts to right
above 30. Accounting for the results from both experiments, a nar-
row resonance seems to be a more plausible hypothesis. Moreover,
limits from null results in other searches such as WW, ZZ, I, hh
and dijets provide the information on other possible couplings of
the resonance to SM particles.
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In order to prepare for more data coming in 2016, it is useful to
explore scenarios for explaining the nature of the resonance. There
have already appeared a large amount of recent papers explaining
the diphoton resonance in various contexts beyond the SM [4]. In
this article, we propose a different explanation, namely, that the
resonance is a spin-2 mediator of Dark Matter. The spin-two parti-
cle will be referred to as the Kaluza-Klein KK-graviton, although a
glueball bound state of new strong interactions would lead to the
same phenomenology [5].

We revisit the Gravity-Mediated Dark Matter scenario suggested
by some of the authors in the past where the massive KK-graviton
in the warped extra dimension is responsible for mediating be-
tween dark matter and the SM particles [6]. We identify the KK
graviton as the diphoton resonance observed at 750 GeV and in-
troduce the interactions of the KK gravitons to transverse modes of
SM gauge bosons and dark matter in a form of energy-momentum
tensor. Depending on the localization of bulk fields, the KK gravi-
ton interactions can be non-universal. We assume that SM gauge
bosons propagate in the bulk while dark matter is localized on the
IR brane in the RS model. The rest of the SM particles are assumed
to be localized on the UV brane. In this framework, the KK gravi-
ton has a naturally large coupling to dark matter, so it could decay
dominantly into a pair of dark matter. In this case, the invisible
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decay of the KK graviton can be constrained by mono-jet + MET
searches at the LHC. Depending on whether dark matter is scalar,
fermion or vector field, we consider the bound from the relic den-
sity of dark matter and show how much the invisible decay rate of
the KK graviton is achieved.

The paper is organized as follows. We begin with the descrip-
tion of the interactions of the KK graviton to the SM gauge bosons
and dark matter. Then, we summarize the status of the diphoton
excesses at 750 GeV and bounds from other searches and constrain
the couplings of a KK graviton to the SM gauge bosons. Next, in-
troducing the couplings of dark matter of arbitrary spin to the KK
graviton, we search the parameter space of dark matter mass and
coupling that are consistent with the correct relic density. We also
briefly discuss the direct and indirect detections of dark matter in
the model and suggest using the angular distribution of photons
to discriminate the spin of the diphoton resonance. Finally, conclu-
sions are drawn.

2. Interactions of the KK graviton

The KK graviton G, with mass m¢ has interactions to the SM
gauge bosons and dark matter as

3
1 1
Lxk = —XGW [T;%A + E Ca (Zguquprp,a - Fm,aF)‘u,a> :|
a=1

(1)

where the energy-momentum tensor for dark matter, depending
on the spin (0, 1/2, 1) of dark matter, is given by
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Since the KK graviton is localized toward the IR brane, the KK
graviton has unsuppressed couplings to the fields localized on the
IR brane or in the bulk, but suppressed couplings to the fields
localized on the UV brane. Thus, we assume that the SM gauge
bosons are in the bulk and dark matter is localized on the IR
brane whereas the rest of the SM particles including the Higgs
doublet are localized on the UV brane. Then, the zero modes of
transverse components of bulk gauge bosons couple to the KK
graviton with sizable strength while the longitudinal components
of bulk gauge bosons stemming from the Higgs doublet localized
on the UV brane have suppressed couplings to the KK graviton.
Couplings to the constant zero mode of bulk gauge fields in the
Randall-Sundrum model [7] are given by a volume suppression
factor as ¢, ~ 1/(In(Mp/Mg)) with Mg being the IR brane scale.
For instance, we get ¢, ~ 0.03 for Mg ~ TeV and ¢4 ~ 0.1 for
Mg ~ 10 GeV. On the other hand, when dark matter is local-
ized towards the IR brane, the DM couplings to the KK graviton,
Cs, Cx, Cx, become of order one. But, the precise values of DM
couplings depend on the localization of bulk gauge fields and the

warped factor in general warped geometries [8], so we treat them
to be independent parameters.

Having in mind the solution to the hierarchy problem by a
warped factor, however, we can take the Higgs doublet and heavy
quarks to be localized on the IR brane too. In this case, the longi-
tudinal components of bulk gauge bosons have sizable couplings to
the KK graviton and there are more decay modes of the KK gravi-
ton such as tt, hh, leading to more channels to test the scenario of
the KK graviton. But, for simplicity, we focus on the minimal model
of the KK graviton with couplings only to transverse components
of gauge bosons and dark matter of arbitrary spin, s =0, 1/2, 1, for
explaining the diphoton resonance at 750 GeV. On the other hand,
as the Higgs doublet is localized on the UV brane, the Higgs portal
couplings between dark matter and Higgs doublet, such as |H|?S?
for scalar dark matter, are suppressed.

In the basis of gauge boson mass eigenstates in the SM, the KK
graviton couplings to the gauge bosons become

1 1
Vv A A
Lyg = —XGW [CVV (ZglwA PArp — A A u>

1

+Czy <Zg;/.vAM)ZAp - AMAZ)LV)
1 Ap A

+cCzz Zg;wz Zyp —ZynZ"y

1 rp A
+cww Zg;wW Wip —WuW*,

1
+ Cgg <Zg,wCM)C)Lp _G/,LAGAV>i| (4)
where

Cyy =01 cos? Ow + sin? Ow,

Czy = (€2 —c1) sin(20w ),

Czz=C1 sin? Ow + C3 cos? Ow,

cww = 2C2,

Cgg =C3. (5)

When c; = ¢, the Zy decay mode is absent. As it is expected that
the spin-2 resonance is limited similarly to the spin-0 resonance
by the Zy searches that give rise to o(gg — S — Zy) <4 fb at
LHC Run 1 [9]. Henceforth, we focus on the case with ¢y =c;.

Before closing the section, we remark on the couplings of the
radion. The radion appears as a massless mode in the original RS
model but it gets massive only after a stabilization mechanism is
introduced. In the dual picture of strongly coupled dynamics in
four dimensions, both spin-0 and spin-2 particles can appear as
the lowest states, with similar couplings to the radion and KK-
graviton, respectively [6]. The radion couples to the SM through
the trace of the energy-momentum tensor, but the precise values
of radion couplings depend on the overlap between the wave func-
tions of the radion and the fields in the extra dimension, similarly
to the KK graviton. The important difference from the KK gravi-
ton is that the radion couplings to the transverse components of
SM gauge bosons are induced by trace anomalies so they are loop-
suppressed. If the radion has a sizable coupling to gluons beyond
the minimal setup, it might also be responsible for the 750 GeV
diphoton resonance. When the radion is a mediator of dark mat-
ter, it could saturate the relic density through the annihilation of
dark matter into a pair of the SM fermions or Higgs pair, leading
to an interesting DM phenomenology [6]. The detailed discussion
on the radion is beyond the scope of our work. Therefore, we focus
on the KK graviton in the following discussion.
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Table 1

Bounds from the KK graviton searches at the LHC.
Channels /s =28 TeV J/s=13 TeV
WW (Ivjj) <68 fb [10] <259 fb [11]
ZZ(lljj) <37 fb [12] <151 fb [13]
yy <2.4 b [14] <11
dijet <14 pb [15] -
monojet <270 fb [16] -

3. Diphoton resonance from the KK graviton

We first discuss the requirements on the model from the ob-
served diphoton resonance at 750 GeV in the LHC 13 TeV. Then,
we impose them on the KK graviton and show the parameter space
that accommodates the diphoton resonance.

3.1. Constraints from diphoton resonance

The mass and width of the diphoton resonance is inferred from
ATLAS data [1] as

m¢ ~ 750 GeV, (6)
r

—¢ ~0.06. (7)
me

The production cross sections required to explain the reported
diphoton excesses in ATLAS (3.2 fb™') and CMS (2.4 fb~!) at
13 TeV are, respectively,

o (pp — y¥)arLas = (10 £ 3) fb, (8)
o (pp — ¥y ¥)cms = (6 £ 3) fb. 9)

Henceforth, we are requiring the production cross section for the
KK graviton to be o (pp — yy) ~ 8 fb at 13 TeV from the aver-
aged central values. We note that the gluon fusion process (gg) is
better than the diquark process (qq) for the resonance production,
due to a larger increase of the signal significance from Run 1 at
8 TeV to Run 2 at 13 TeV, and the gain factor is parametrized by
the double ratio [3], R = (05/+/08)13 Tev/(0s/+/OB)s Tev Where o
are the cross sections of signal(S) and background(B), so Rgz >~ 3
and Rgq3 =~ 1.7, when the ratio of background cross sections is or-
der 2. The gain factor is largely insensitive to the spin and CP
properties of the resonance [3]. It was also pointed out that the
required cross section for the diphoton excess at 750 GeV is com-
patible with the excluded cross section translated from CMS Run 1,
which is in the range of 2-8 fb [3]. In Table 1, we summarize
the KK-graviton searches in different channels. Given enough sig-
nal events in the yy channel, we also need to satisfy the limits
from 8/13 TeV data. For dijet bound in Table 1, we note that the
quoted limit is for & x BR x A.

The total cross section for the spin-two particle with couplings
defined in Eq. (5) can be computed for LHC13 energies

o(pp—>G—>yy)

3TeV\? 3TeV\? /GeV

where I'; is the total decay width of the KK graviton. In other
words, we get

Coo C
mg/“”T—eVVV)Z ~3x 1073 (I'¢/GeV)!/? (11)

Table 2

Production cross section for gg — G at /s =8/13 TeV LHC and the ratio of pro-

duction cross sections. A =3 TeV and c3 = 0.1 are chosen for a benchmark point.
J/s=8TeV V5 =13 TeV 013 Tev/08 Tev
105 fb 465 fb 4.4

Feogg
0.015 GeV

when we use o ~ 6 fb. These numbers were obtained with a
version of the RS model [17] in Feynrules [18], using UFO for-
mat [19] and ran through Madgraph [20]. In Table 2, the produc-
tion cross sections for the KK graviton at the LHC 8 TeV and 13 TeV
are shown for a benchmark point of the gluon coupling.

3.2. KK graviton couplings
From the interactions of the KK graviton given in eq. (1), the

total decay rate of the KK graviton I'¢ is computed as the sum of
decay rates for a pair of gauge bosons

2 3
cs,,m
r e 12
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rz =71——) (] —= —) 13
@)= Teomaz m2) U omz T omd ()
2 3 2.1 2 4
c5.,m 4ms N 3 3m 6m
r(z2)= 2206 (1-202)* (1= 252 4+ 202, (14)
80 A2 m2 m2 p
2 3 2 1 2 4
c m 4m 3 3m 6m
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160 A mg mg¢ me¢
2 3
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[(gg) = -2 ¢ 16
(88) = 1oraz" (16)

and the invisible decay rate into a pair of dark matter, depending
on the spin of dark matter, given as follows,

2...3 2.5
cem 4amey 3
F(SS):A( ——5)2, (17)
9607 A2 mg
3
2 .3 2 2 2
c,m 4m {m
Mixq)=-—2X"06_[1- X 14X, 18
xx0 1607tA2< mé) ( +3m§ (18)
cZm3 4m3\ 3 56m%2  48m?
F(XX):A(l——Xy(B—i— X X). (19)
96077 A2 m2 m2 m¢

First we discuss the implications of the diphoton signal rate for
the KK graviton couplings. Taking the diphoton signal rate given
in eq. (10) to be o ~ 6 fb and for c; = ¢y, the KK couplings are
constrained to

A >2<Fc/m(; )1/2
3 TeV 0.06 '

We have shown in Fig. 1 the invisible decay rate of the KK
graviton as a function of DM mass in each case of DM spin. As
a result, we find that vector dark matter has the largest invisible
decay rate for the same DM coupling. For mpy < m¢g = 750 GeV,
the couplings of the KK graviton to dark matter can be written as
a function of the invisible decay rate approximately as follows,

Ic1 - 3 %0.18( (20)

A Ciny/mg \1/2
o~ , 21
les] (3 TeV)(Z.] x 1075) =
A Finy/mg )1/2
[ s 22
lex] <3Tev)(1.1 x 10—4 (22)
A I‘inv/mC 1/2
~ . 23
lex] (3 Tev)(2.7 x 10—4) (23)
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Fig. 1. Decay rates for the visible and invisible decays of the KK graviton as a
function of c3 and dark matter mass, respectively. We have set A =3 TeV, mg =
750 GeV and the DM coupling is chosen as the same value, cpy = 1. For visible
decays, we imposed ¢ = ¢, and the signal rate for I'¢c =45 GeV for illustration.

From the above expressions, we can get a rough idea on how large
the partial invisible decay rate is, depending on the spin of dark
matter.

In Fig. 2, we have shown the parameter space for c¢; and cs,
that is consistent with the diphoton resonance at 750 GeV, when
c1 = cy is imposed. We imposed the production cross section for
the diphoton resonance as o (pp — yy) = 5-11 fb, depending on
the invisible decay width of the KK graviton, I'j,y =0, 0.1, 45 GeV.
First, we found that the parameter space allowed by the produc-
tion cross section for the diphoton resonance is consistent with
the diphoton limit on the spin-2 resonance from CMS 8 TeV [14].
When the invisible width is comparable to the visible width, we
also showed that the mono-jet + MET limit from LHC 8 TeV
[15] can constrain the parameter space further to smaller gluon
couplings. We note that if the total width of the KK graviton is
45 GeV as indicated in the best-fit of ATLAS data and it is domi-
nated by the invisible decay mode, the mono-jet bound constrains
the gauge couplings to ¢; = 1.0 and c3 < 0.16. This would mean
that electroweak gauge bosons are localized towards the IR brane
and gluons are delocalized from the IR brane. However, if the in-
visible decay rate is sub-dominant, the mono-jet searches do not
constrain the gauge couplings, whereas dijet searches [15] still
constrain the gluon coupling to |c3| < 1.5. We should be open-
minded to the choice of the total width until a further confirma-
tion of the total width of the KK graviton is made. In particular,
in the later discussion on dark matter, the invisible decay width
turns out to be subdominant as compared to the visible decay
width.

4. Dark matter mediated by the KK graviton

In this section, we consider the relic density condition in each
case of dark matter and discuss the compatibility with the dipho-
ton resonance and direct and indirect detection bounds.

Dark matter can annihilate into a pair of the SM gauge bosons
through the KK graviton in the s-channels and/or a pair of KK
gravitons in the t-channel. When the thermal-averaged cross sec-
tion for dark matter is expanded in terms of the relative velocity
as (ov) =a+ bv? + cv4, the relic density of dark matter is given
by

_ 2.09 x 108 Gev~!
Mp/ges(XF)(a/xp + 3b/x2 +20c/x})

where xp = mpy/TF >~ 20 with Tr being the freeze-out temper-
ature, g.s(xp) is the effective number of relativistic species con-
tributing to the entropy density at the freeze-out temperature.

Qh? (24)

4.1. Scalar dark matter

The annihilation cross sections for scalar dark matter going into

a pair of SM gauge bosons are given by
2,2 2,4
3c5¢7 msmz

167 A% (4m% — m2)2 + T'Zm2

2 1
x ( - 4—m§> (1 - m—%)z (25)
2 2]
mg mg

2.2
3c5Civw
32 A% (4m% —m2)2 + Tim?

2 1
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me mg

(OV)ss—zz =

(OV)ssww =

2.2 6

CsCyy mg
(0Vv)ss ~yt. , (27
oy 607 A4 (4m2 —m%)2 + I'im? )

2c2¢2 m6
(OV)ssgg vt 22 > (28)

157w A% (4m2 —m2)? + M'2m?’

Thus, the annihilation of scalar dark matter into a pair of mass-
less gauge bosons is d-wave suppressed. But, if the gluon coupling
is the largest, the relic density is still determined dominantly by
the annihilation into a pair of gluons. In Fig. 3, we depict the pa-
rameter space of the DM coupling cpy = ¢s and the DM mass
mpm = ms by imposing the correct relic density from the Planck
30 band [21]. For a large gluon coupling, the results show that
there exists a wider region of the parameter space consistent with
the relic density, near the resonance, ms = mg/2. We note that for
the signal rate of the diphoton resonance with a narrow width,
the coupling between gauge bosons and the KK graviton should be
taken to a smaller value. But, the result for the relic density does
not change much as far as either c; or c3 is of order one.

When ms > mg, there is an extra contribution to the annihila-
tion cross section, due to the t-channel for both models, as follows,

9
4ctm? (1 —rs)2
9 A% rd(2 —rs)?

(OV)ss—GG ~ (29)
. 2 . . . .
with rg = (%) . Thus, the t-channel annihilation is s-wave, so

it becomes dominant in determining the relic density for heavy
scalar dark matter. But, for mg = 750 GeV, it turns out that there
is no parameter space satisfying the relic density in this regime.

4.2. Fermion dark matter

The annihilation cross sections for fermion dark matter going
into a pair of SM gauge bosons are also given by

(OV)y5—>2zz
1
2.2 6 2
2. X2z M _mz\
1447 A4 (m% — 4m§( )2 + F(z;m% mi
2 4 4 4
o« (12— 9mz 39mz  3my n 6m’ (30)
m2  8m%¥  mim2 mi )
X X G X G
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Fig. 2. Parameter space of c¢; and c3 for the diphoton resonance. The region explaining the diphoton resonance at 750 GeV for o (pp — yy) =5-11 fb is shown in blue.
The diphoton limit from CMS 8 TeV is shown in red while the mono-jet limit from LHC 8 TeV is shown in green. The invisible decay width of the KK graviton is chosen to
Tiny =0, 0.1, 45 GeV, from left to right plots. We note that |c3| < 1.5 is favored for dijet searches in all the cases. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Parameter space of cpv and mpy for spin-0 or 1/2 dark matter, satisfying the relic density. Green and red solid lines satisfy the Planck 30" band for the relic density.
Green dot dashed lines (red dashed lines) are contours with the same invisible decay width of the KK graviton in units of GeV. We have set A =3 TeV and mg = 750 GeV.
The KK couplings are chosen as ¢y =0.16, c3 =1 on left and ¢; =1, c3 =0.16 on right. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Parameter space of cx and my for vector dark matter, satisfying the relic density. Planck 3¢ band is imposed for the relic density. Blue solid lines satisfy the Planck 3o
band for the relic density. Blue dashed lines are contours with the same invisible decay width of the KK graviton in units of GeV. We have set A =3 TeV and m¢g = 750 GeV.
The KK couplings are chosen as ¢; =0.16, c3 =1 on left and ¢; =1, c3 = 0.16 on right. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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We note that all the above annihilation channels are p-wave sup-
pressed. As shown in Fig. 3, the region of the parameter space of
the DM coupling cpm = ¢, and the DM mass mpym = m, is wider
than in the case of scalar dark matter, because the annihilation of
fermion dark matter is less velocity-suppressed, although still be-
ing near the resonance with m, =mg/2.

In Fig. 3, we also overlay the contours of the same invisible
decay rate of the KK graviton for both scalar and fermion dark
matter in the same figure. In both cases, the invisible decay rate
of the KK graviton is quite small in the region of the correct relic
density, because of a large phase space suppression. We get that
[iny ~ 1077 GeV for scalar dark matter and i, ~ 10~ GeV for
fermion dark matter. In this case, the decay rate of the KK graviton
is determined mainly by the decay modes into SM gauge bosons.

When my > mg, there is an extra contribution to the annihila-
tion cross section, due to the t-channel for both models, as follows,

4.2 z
mex (] —rX)z

(34)
167 A4 r;*( (2—r1y)?

(OV)y5-66 =

2
with ry = (m—;) . Then, the t-channel annihilation is s-wave, so
it becomes dominant in determining the relic density for heavy
fermion dark matter. But, similarly to the scalar dark matter case,
for mg = 750 GeV, it turns out that there is no parameter space

satisfying the relic density in this regime.

4.3. Vector dark matter

The annihilation cross sections for vector dark matter going into
a pair of SM gauge bosons are also given by
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~ 2c%€7; my _mz
271 A* (m2 — 4m%)? + T'2m? m%
9m% 147m3 3 m} 3m
x|12-F+—=—2->=5+--2), (35)
my 32 my  4mgmy  2m¢
(OV)xx—>ww
1
 XCww mS miy \’
27w A% (mE — 4m3%)? + Tgmg m%
9m?, 147m}, 3 mj 3ms
x (12— +—-H -5 +-—2]. 36
my 32 my 4mgmy 2 mg
8c%c2 mS
(OV)XXoyy = =ik X : 37
MYV T 9m A% (4m? — m2)2 4 T2m2 G7)
64c% c2 mé
(OV)xx>gg = X_£8 X (38)

ImA* (4m% —m2)2 +TZm2’

In this case, all the above s-channels are s-wave, so they are rele-
vant for both the early Universe at freeze-out temperature and the
present Universe. In Fig. 4, it is shown that the correct relic density
within the Planck 30 band [21] can be obtained even away from
the resonance with myx = mg/2, due to the s-wave nature of the
annihilation processes. But, the mass of vector dark matter should
be greater than about 300 GeV for the DM coupling cx less than
unity. Furthermore, as will be discussed further later, vector dark
matter is most constrained by indirect detection experiments.

In Fig. 4, we also overlay the contours of the same invisible
decay rate of the KK graviton for vector dark matter in the same
figure. The invisible decay rate of the KK graviton in the region of
the correct relic density ranges between I'j,, ~ 0.005-0.02 GeV. In
this case, the decay rate of the KK graviton can be dominated by
the visible decay, so the mono-jet searches could not constrain the
gluon coupling.
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Fig. 5. DM-nucleon spin-independent scattering cross section as a function of DM
mass for scalar dark matter, satisfying the relic density. We have set A =3 TeV and
m¢g = 750 GeV. Solid line is from the lattice result [22] and dashed lines are given
by the MILC results [23].

For myx > mg, there is an extra contribution to the annihilation
cross section, due to the t-channel in both models, as follows,

4.2
cym V1 —ryx )
(OV)XX—-GE = oo <176 +192rx + 1404r%
- 3247 A% 13 (2 —rx)?
—3108ry + 11051y + 362ry + 34r§<) (39)
2
with ry = <E—§> . Like the previous cases with other spins of dark

matter, the t-channel annihilation of vector dark matter is s-wave,
so it is as important as the s-channel annihilation for my > mg.

4.4. Direct and indirect detections of dark matter

In our model, gluon interactions to dark matter can be siz-
able and dominant in determining the relic density for mpy < mg.
In this case, the corresponding gluon interactions are relevant for
the direct detection of dark matter in underground experiments
such as XENON100 [24] or LUX [25]. For instance, the effective
interaction between scalar dark matter and gluons is given [6]
by

2

C3Cs ms

Ls_N = &g S2G,GH, =_">_5 40

S—N Sg J7aY Sg 6A2 m% ( )

Then, the spin-independent cross section induced by the gluon in-
teractions is

2 2
u- (8w 2:2 62
osNn=——=|— | m 41
sov= s (o) MRS (a1)
where u =mgsmpy/(ms +my) is the reduced mass of the nucleon-
dark matter system and

fro = —— (N| 225

my 8
The lattice result gives frc = 0.867 [22] while the MILC results
range between 0.472 and 0.952 [23]. For instance, for mg =
750 GeV, mpy = 373 GeV, and c3 =cs = 1, the DM-nucleon scat-
tering cross section becomes os_y = 1.8-7.5 x 10712 pb, which

GuwGHYIN). (42)

is too small to be constrained by current experiments. The DM-
nucleon scattering cross section is given for general DM masses
in Fig. 5.

For scalar or fermion dark matter, the annihilation cross sec-
tion into a pair of massless gauge bosons is velocity suppressed,
so there is no constraint from indirect detection in this case [6].
On the other hand, for vector dark matter, the annihilation cross
section into a pair of gauge bosons is s-wave, so the model can
be constrained by Fermi-LAT [26,27] and HESS [28] gamma-ray
searches as well as PAMELA and AMS-02 anti-proton data [29]. In
all the cases of dark matter, when dark matter annihilates into a
pair of KK gravitons, the cascade decay of each KK graviton into
the SM gauge bosons can also lead to gamma-ray or anti-proton
signatures [6]. The detailed discussion on the indirect detection
is beyond the scope of our work, but we just remark that anti-
proton bounds do not reach the thermal cross section beyond
mpm ~ 200 GeV [30], for which the correct relic density is ob-
tained in the model.

5. Kinematic distributions for the spin-two particle

We have already discussed how the spin-two mediator has a
different (more steep) dependence on the energy of the collider,
leading to a larger ratio of signal strength from Runl to Run2.
Another interesting aspect of the diphoton signal is the angular
distributions, which are very sensitive to the spin of the parti-
cle. In this section we discuss the kinematic features of the decay
products of a spin-two particle, and compare them with the SM
backgrounds as well as a spin-zero hypothesis.

A spin-zero particle decaying to two other particles would lead
to the symmetric distribution in angle, whereas for a spin-two par-
ticle there is a preference to boosted decays. In the left panel
of Fig. 6, we show the rapidity distribution of the photons 7,
for a scalar and tensor resonance, as well as the SM irreducible
background (with a cut on the invariant mass of the diphoton
my, =750 £ 50 GeV) at LHC13. In the right panel, we show the
photon angle respect to the beam axis in the CM frame of the de-
caying particle 6*, a variable which had been identified in Ref. [31]
as the most suitable to gain information on the spin of the Higgs-
candidate. A combination of current Runl and Run2 data could be
sufficient to determine the spin of the resonance by performing an
analysis on the variable cos6*.

6. Conclusions

We have considered the hypothesis that the diphoton resonance
at 750 GeV hinted from both ATLAS and CMS could be a spin-two
particle, such as a KK graviton in warped extra dimension, and
play the role of a dark matter mediator. This resonance would have
direct couplings to all SM particles and Dark Matter. In the extra-
dimensional view, the couplings are gravity-induced and depen-
dent on the localization of particles in the extra-dimension. In the
dual, strongly-coupled scenario, the couplings would be a function
of the degree of compositeness of the particles. We found a large
region in the parameter space of the couplings of the KK graviton
to the SM gauge bosons capable of explaining the diphoton reso-
nance and at the same time being compatible with the limits from
other searches at LHC Run 1. Although the ATLAS best-fit slightly
prefers a wide width of the diphoton resonance, it is important
to combine with the CMS data in favor of a narrow width. We
will have to wait for the update of the next-year Run to obtain a
more precise measurement estimate of the width. Since dark mat-
ter annihilates into the SM particles through the coupling to the
KK graviton, the invisible decay of the KK graviton can be sizable,
depending on the spin of dark matter. Nevertheless, we find that
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Fig. 6. Angular distributions: (Left) Comparison of the photon rapidity distribution for the SM, and new heavy spin-zero and -two resonances. (Right) Angle of the photon
respect to the beam axis, in the CM frame of the decaying particle. The vertical axes are normalized differential cross sections for comparison.

the considered model is not constrained by mono-jet searches in
the region of the correct relic density.

The main purpose of this paper is to present a benchmark for
the spin-two hypothesis, which could also provide a natural solu-
tion for Dark Matter. Current and future data will allow to deter-
mine the spin of the diphoton resonance via angular distributions
of the photons. Additionally, one would expect sensitivity to this
resonance in other channels, such as dibosons, which can also be
used to determine the resonance’s quantum numbers.
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