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Abstract A diphoton excess with an invariant mass of
about 750 GeV has been recently reported by both ATLAS
and CMS experiments at LHC. While the simplest inter-
pretation requires the resonant production of a 750 GeV
(pseudo)scalar, here we consider an alternative setup, with an
additional heavy parent particle which decays into a pair of
750 GeV resonances. This configuration improves the agree-
ment between the 8 and 13 TeV data. Moreover, we include
a dark matter candidate in the form of a Majorana fermion
which interacts through the 750 GeV portal. The invisible
decays of the light resonance help to suppress additional
decay channels into Standard Model particles in association
with the diphoton signal. We realise our hierarchical frame-
work in the context of an effective theory, and we analyse the
diphoton signal as well as the consistency with other LHC
searches. We finally address the interplay of the LHC results
with the dark matter phenomenology, namely the compatibil-
ity with the relic density abundance and the indirect detection
bounds.

1 Introduction

ATLAS and CMS have recently reported a modest excess in
the search for Higgs-like resonances in the diphoton channel
atan invariant mass around 750 GeV with a local significance
of 3.60 and 2.60, respectively [1,2]. ATLAS, with 3.2 fo~!
of collected data, has found an excess of 14 events in the sig-
nal region, whereas CMS had a somewhat lower integrated
luminosity of 2.6 fb~! with a relatively mild excess consist-
ing of five diphoton events. Including the look-elsewhere-
effect the significances drop, respectively, to 2.60 and 1.20.

4 e-mail: valentina.deromeri @uam.es

Should the significance of this excess increase with more
accumulated data, it would indicate the existence of New
Physics beyond the Standard Model (SM). A simple expla-
nation of the excess consists in the resonant production of a
(pseudo)scalar with an invariant mass of 750 GeV and a rel-
atively large branching ratio into the diphoton channel [3,4]
(see for instance Ref. [5] for a review). A production cross
section times diphoton branching ratio between 5 and 10 fb
fits the observed excess. However, the diphoton signal might
be in slight tension with LHC Run-I data [6] since no sig-
nificant excess was reported in the 8 TeV searches by both
collaborations [7-10].

Here, in order to ameliorate the tension between 8 and
13 TeV data, we consider a scenario with a heavy messen-
ger resulting in a more involved event topology [11-13].
In this framework, we assume a heavy pseudoscalar par-
ent resonance ¢, decaying into a pair of lighter 750 GeV
pseudoscalar resonances ¢1. No additional particles seem to
accompany the diphoton signal, since the events in the side-
band and in the signal region look very similar. Therefore, the
decay modes of ¢ into visible particles other than photons
must be suppressed. The simplest solution is to assume that
the lighter resonance mainly decays into an invisible particle
Y. Depending on the model assumptions, the largest observ-
able final state could possibly be yy ¥ 1. Moreover, if the
relation between masses is approximately mg, ~ 2my,, the
lighter resonance would be produced at rest, resulting in little
net missing momentum.

The results of ATLAS favour a large width of the reso-
nance, of about 45 GeV, with a local significance increas-
ing up to 3.9¢ under this assumption. Instead, CMS slightly
prefers scenarios with a narrow width. Should future results
point to a large width, a large branching ratio into invisible
particles would allow one to accommodate this observation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-016-4116-7&domain=pdf
mailto:valentina.deromeri@uam.es

262 Page2of 13

Eur. Phys. J. C (2016) 76:262

without invoking strongly interacting New Physics scenar-
ios [14].

It is natural to identify the invisible particle i with the
dark matter (DM) (see for instance Refs. [15-29] for a non-
exhaustive list of works on this topic). Among the plethora of
DM candidates present in the literature, a weakly interacting
massive particle (WIMP) produced via thermal freeze-out is
one of the most appealing (see e.g. [30]). The 750 GeV reso-
nance would then be identified as a portal to the WIMP DM
sector similar to the well studied Higgs portal models [31].

In this work, we want to study the implications of the
diphoton excess in a heavy parent resonance scenario on the
DM phenomenology, assuming that the lighter 750 GeV res-
onance ¢ mediates the interactions of a Majorana spin-%
DM particle 1. Although the interaction of (pseudo)scalars
with the SM gauge bosons would typically require new heavy
states, here we consider a model independent approach,
where we do not specify precisely the heavy particle sector.
Instead, we describe the interactions of both the two pseu-
doscalars and the DM via effective operators. We define a cut-
off scale Ay, where the heavy degrees of freedom are inte-
grated out and in this way we assume the results here derived
to be valid for any specific ultraviolet (UV) completion with
the same degrees of freedom below Ay,. We consider spe-
cific patterns for the effective couplings of this “toy model”
motivated by some realistic models. At this scope, we study
two generic scenarios: one where the coupling of the lightest
pseudoscalar ¢ to gluons is set to zero, and a second one
where ¢ can couple to gluons as well as to the electroweak
(EW) gauge bosons. While we fit both scenarios to the dipho-
ton excess, we also carefully check other LHC constraints
including monojet and dijet searches and jets plus E ?iss
searches. Moreover, we investigate the DM phenomenol-
ogy, taking into account cosmological and astroparticle con-
straints arising from the relic density abundance measured by
the PLANCK satellite [32] as well as from indirect detection
(ID) searches with the Fermi-LAT satellite [33,34].

The paper is organised as follows. In the next section,
we present a simple model independent framework for the
heavy parent resonance model. We fit the model parameters
to the diphoton excess scrutinising the compatibility with
LHC constraints in Sect. 3. We then address the DM phe-
nomenology in Sect. 5, considering the constraints from cos-
mology and astroparticle physics. Finally, we conclude with
a brief summary in the last section.

2 Effective Lagrangian for the diphoton excess
and the dark matter
We consider a simple extension of the SM with the addition

of two SM gauge singlet pseudoscalars ¢1 and ¢,. The kinetic
and mass terms of both pseudoscalars are given by
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where mg, and my, denote the masses of ¢ and ¢, respec-
tively. We consider the following hierarchy: 2 x mg, < myg,.
The heavy resonance ¢, is coupled to the lighter resonance
via a simple parity violating trilinear interaction term:

Etrilinear = AP19192.

We assume that the couplings between both pseudoscalars
and SM fermions via higher dimensional operators can be
neglected. ¢ and ¢» communicate with the SM sector via
interactions with the SM gauge bosons parametrised by the
following model independent effective couplings:

2.2)

bi bi
. . _ €3 VPO ~a a . ) VOO yx7m m .
Linteractions = T@G G,“;Gpg(f)z +A7¢,-6 W,w ng¢t
@i
C
+- 1" B By i, (2.3)
Ay,

with i = 1, 2. Here, c(jfs", with j = 1,2, 3, are the effec-

tive couplings of the ¢; to the SU3)¢c x SU22)r x U(l)y
SM gauge bosons G, W, and By, respectively. G, W,
By, and Ay, correspond to the field strength tensors and the
cut-off scale.! € uvpo 18 the totally antisymmetric tensor with
€123 =+1,a=1,2,3and m = 1, 2 denotes SU (3)¢ and
SU(2)r gauge indices, respectively. The prefactors c;’.)" are a
priori free parameters, but they can be explicitly calculated
once the UV completion is known. For instance, the c?" could
be interpreted as anomaly induced couplings [35].

However, the goal of this work is not to discuss a specific
model with UV completion, hence we do not give a thorough
definition of the full particle spectrum beyond the SM. Nev-
ertheless, the choice of the coefficients cannot be completely
arbitrary either, hence we will later consider two different
scenarios which can be motivated by some underlying UV
physics.

We want to conclude this section with a discussion of our
final ingredient: the DM sector. There exist a large number of
DM scenarios and in this work, we consider a hidden Majo-
rana particle .2 Its stability can be ensured by introducing
a discrete Z, symmetry, i.e. only pairs of s couple to other
particles,

v = =

We assume that ¢ only couples to the lighter pseudoscalar
via a Yukawa-type interaction with strength gy, :

Lom =iV @ —my)y +igyVysyér.

2.4)

2.5)

! We always consider Ay, O(few TeV) in order to satisfy the effective
field theory hypothesis.

2 The discussion for a Dirac DM candidate is straightforward.
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Fig. 1 The resonant production of ¢, followed by the decay to two
750 GeV ¢ pseudoscalars subsequently decaying into the diphoton
and DM final state

Thus, the relic density abundance of the DM candidate is
governed by the s-channel exchange of ¢1. It is difficult to
accommodate a resonance with a large width assuming dom-
inant couplings to visible particles, since strict limits exist on
the SM decay modes of heavy resonances. However, here we
consider scenarios with my, < %m¢,, allowing for invisible
decays of ¢ . Depending on the size of gy, , the branching ratio
into DM pairs can be sizeable. In principle, a very large invis-
ible branching ratio allows for scenarios with large widths for
d1—TL(¢1) ~ O(10) GeV—as favoured by ATLAS diphoton
data.

3 The diphoton signal and LHC constraints
3.1 Heavy parent resonance

In this section, we discuss how to accommodate a dipho-
ton signature from a 750 GeV resonance in our hierarchical
framework. Our goal is to explain the excess as a result of the
decay of a heavy parent resonance. In this setup, we consider
the production of a pseudoscalar resonance which decays
into a pair of 750 GeV resonances ¢; subsequently decay-
ing into SM gauge bosons as well as into DM. We expect the
dominant diphoton signal from the following process, shown
in Fig. 1:

pp —> ¢ — ¢191 — yy + X, (3.6)

where X denotes either 1y or SM gauge boson pairs.

In order to achieve a dominant indirect production, the
direct production of an s-channel resonance ¢; with an invari-
ant mass of 750 GeV must be heavily suppressed. The typ-
ical cross section for the ¢; resonant production is given
by:3

3 We consider dominant gluon fusion production. This applies to Sce-
nario 2, where the coupling of ¢; to gluons is non-vanishing. We have
numerically checked that the additional contribution from photon fusion
is subdominant for our choices of the effective couplings.
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Fig. 2 Ratio of Cy, evaluated at /s =13 TeV and /s = 8 TeV as a
function of the resonance mass

1
o(pp —> ¢1 —> yy) = x Cgg
Mg, S
I'(¢1 — yy)
xT'(¢1 — gg) x Tt 3.7
®1
2 el dx mé :
where Cgp = HT fmé /s Tg(x)g(s—xl) and s is the centre-

of-mass energy, with g(x) the gluon distribution function.
The numerical value of Cg, for a mass of 750 GeV is
2137 at /s = 13 TeV using the gluon distribution func-
tion of Ref. [36]. Analytical expressions for the partial decay
widths T'(¢1 — gg) and I'(¢1 — yy) can be found
in the appendix, together with the other decay widths and
the corresponding squared matrix elements for both pseu-
doscalars. Moreover, I'y, denotes the total decay width of
o1.

The numerical evaluation of Eq. (3.7) is straightforward.
We show in Fig. 2 the ratio of the Cg, evaluated at centre-
of-mass energies of 13 and 8 TeV as a function of the reso-
nance mass. The cross section increases by a factor of 5 for
a 750 GeV resonance while rising the centre-of-mass energy
from 8 to 13 TeV. An even stronger increase in the production
cross section can be gained for larger resonance masses and
thus the effective accumulated data from Run-II can already
be larger than Run-I for very heavy resonances. As aresult, a
diphoton excess originating from a parent resonance shows
less tension between 8 and 13 TeV data as advertised in the
Introduction.

In Fig. 3 we depict the contours of the production cross
section times the diphoton branching ratio of ¢; as well as
the invisible branching ratio of ¢ in the (c‘lp' , cg)l) plane, cf.

Eq. (2.3), assuming gy = 0.1, my = 330 GeV, ¢§' = 0 and
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Fig. 3 The resonant production cross section of ¢ into diphoton final

state (solid lines) in the (cf‘, cf‘) plane at LHC, assuming /s = 13
TeV. The invisible branching ratio BR(¢1 — ¥ ) is shown as dashed
lines. The other parameters are fixed as follows: gy = 0.1, my, = 330

GeV, ¢?' = 0and Ay, =3 TeV

Ay, = 3TeV. We can already see that in order to suppress the
direct resonant production of ¢, the product c'{” X c?" has
to be < O(1 x 107%). Thus, although our numerical scans
will cover larger ranges of values for these two parameters,
we will discuss our results focusing on this region of the

parameter space.

3.2 Consistency of the parent resonance framework
with LHC constraints

In the following, we assume that ¢ is dominantly pro-
duced via Eq. (3.6). However, as discussed in the Introduc-
tion, ¢ cannot decay dominantly into SM particles since
this hypothesis is experimentally disfavoured. As a conse-
quence, we assume that the largest branching ratio of ¢
is into pairs of DM particles ¥, i.e. we consider the case
where I'(¢1 — ) ~ I'y,. The additional benefit from
this assumption is that a large invisible branching ratio fur-
ther helps to suppress the signal from direct production of
the light pseudoscalar. In the following, we fix the branch-
ing ratio BR(¢1 — ¢¥¢) = 0.9(0.8) in Scenario 1 (2).
With these assumptions, 81 % (64 %) of the pair produced
¢1 events decay invisibly, while 18 % (32 %) of the events
decay into two SM gauge bosons and missing transverse
energy and the final state with four SM gauge bosons has
a branching ratio of 1 % (4 %). Since the differential distri-
butions of the diphoton events have not been published so
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far, we will probe scenarios with different spectra of miss-
ing transverse energy and pr of the diphoton system (see
also Ref. [37] for a detailed discussion). If the mass split-
ting between ¢, and ¢ is minimised while allowing for an
on-shell decay of ¢» — ¢ ¢y, the kinetic energy release can
be suppressed. For this reason our benchmark points will
approximately fulfill this relation between the masses of the
two pseudoscalar states:

me, ~ 2m¢1. 3.8)

Under this condition, both ¢; are produced at rest in the
¢> frame and thus the net transverse missing energy distri-
bution is minimised in the y y ¥ final state. However, the
photon pair will still have non-vanishing transverse momen-
tum. In addition, due to initial state radiation, the diphoton
pair can get an additional boost which could give rise to
a harder transverse momentum distribution of the diphoton
system.

Since we do not fix the branching ratio BR(¢» — ¢1¢1),a
sizeable branching ratio of ¢, into SM gauge bosons is possi-
ble. As a consequence, dijet [38—41] and diphoton signatures
from the heavy resonance ¢, could be observable and we
have to check that our scenarios do not violate experimen-
tal limits. Another set of constraints comes from monojet
and monophoton searches [42-45] and these are explicitly
checked in our Monte Carlo simulation as discussed later.
Finally, for the decay chain where one of the daughter ¢
decays to the DM, while the other to jets (perhaps with
intermediate gauge bosons), the jets plus missing transverse
energy search at 13 TeV [46] is also applied.

4 Two scenarios for the diphoton excess

In the effective Lagrangian of Eq. (2.3) there are six dimen-
sionless couplings ¢ ji , which are a priori free parameters. In
this section, we discuss two scenarios—see Table 1—where
the effective couplings can either be vanishing or they can be
related as reminiscence of a more realistic and UV-complete
model.

4.1 Numerical tools

The full Lagrangian of Egs. (2.1)—-(2.5) was implemented
using FeynRules 2.3.13 [47] and an UFO output [48]
was created for the numerical studies. We generated par-
ton level signal events with Madgraph 2.3 .3 [49] inter-
faced with Pythia 6.4 [50] for the parton shower, under-
lying event structure and hadronisation. We have imple-
mented the 8 and 13 TeV diphoton searches from ATLAS
and CMS [1,2,7-10] into the CheckMATE 1.2.2 frame-
work [51] withits AnalysisManager [52]. CheckMATE
1.2.2 is based on the fast detector simulation Delphes
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Table 1 Definition of the input values and ranges for the parameters of
Scenario 1 and Scenario 2. The invisible branching ratio of ¢; is fixed
in both scenarios as specified in the last row

Scenario 1 Scenario 2

! [10-3,1] 0.905 ¢!
1 g% 1 b1

c) =5 X 0.579 c3

8y
e 0 [1073,1]
e 0 0.905 ¢§*
& 0 0.579 ¢§>
o [1073,1] [1073,1]
Ag, 3TeV 3TeV
Ag, 3TeV 3TeV
mg, 750 GeV 750 GeV
mg, 1510 GeV 1600 GeV
A [200,5000] GeV [200,5000] GeV
BR(¢ — V) 90 % 80 %

Table 2 Selection cuts of the 13 TeV ATLAS/CMS diphoton searches
[1,2]

ATLAS

CMS

pr(y) =25 GeV
In¥| <2.37

pr(y) =75 GeV

[n7] <144 0r1.57 <|p¥| <2.5
at least one y with [n¥| < 1.44
E}' /myy, > 0.4, E¥ /m,, >03 m,, >230GeV

3.10 [53] with heavily modified detector tunes and it deter-
mines the number of expected signal events passing the selec-
tion cuts of the particular analysis. The selection cuts for
both ATLAS and CMS 13 TeV diphoton analyses are shown
in Table 2. The resulting signal efficiency varies between 20
and 60 %, depending on the signal region, the experiment and
the centre-of-mass energy. The analyses were validated to
reproduce efficiencies reported by ATLAS and CMS. Finally,
experimental constraints from dijet searches, jets and miss-
ing transverse momentum [46] and monojet [42—-45] searches
have been implemented into CheckMATE 1.2.2 and have
been fully validated against public results.

4.2 Scenario 1
4.2.1 Benchmark parameters

In this scenario we achieve dominant indirect production sim-
ply by setting the effective coupling between the gluons and

@1 to zero, c?l = 0. As a consequence, the lighter pseu-
doscalar cannot be produced in gluon fusion and the produc-
tion mechanism via photon—photon collisions is heavily sup-
pressed. Hence, ¢; has to be produced in the cascade decay
of the heavy parent resonance. The solely allowed coupling
between the heavy resonance ¢, and the SM gauge bosons
is to gluons. We fix mgy, = 1510 GeV thus minimising the
missing transverse momentum of the photon pair. Motivated
by the DM constraints, see Sect. 5, in the following we closely
analyse a parameter point with the couplings of ¢ defined
as follows:

M =93.107% gy =124-10"", my =337 GeV.
4.9)

The other parameters are summarised in Table 1. The invisi-
ble branching ratio of the light pseudoscalar is 90 % while the
one into photons is 0.7 %. The lighter pseudoscalar couples
to the EW SM gauge bosons, namely WW, ZZ, Zy and y y
states with the following ratios of the partial decay widths of

o1

vZ/yy =0.73, WW/yy =84, ZZ/yy =3.9.

(4.10)
4.2.2 Constraints

Since the light pseudoscalar does not couple to gluons, its
production cross section is very small and does not affect
the phenomenology at the LHC. In particular, we do not
have to worry about diphoton constraints due to the gluon-
initiated production. The smallness of the BR(¢1 — yy)
further ensures that the diphoton signal from photon—photon
fusion production of ¢ is also negligible. On the other hand,
the couplings of the light pseudoscalar are constrained by
the astrophysical observables, as we will see in Sect. 5. As
to the heavy pseudoscalar, whose coupling to gluons is non-
vanishing, one has to consider constraints coming from dijet
spectra at m j; ~ 1500 GeV in the 8 and 13 TeV data.

4.2.3 Results

In Fig. 4 we show the cross section contours for o (pp —
Yyy) for Scenario 1 with my, = 1510 GeV. The light
blue shaded area is excluded by dijet searches [38—41]. The
contours correspond to the cross sections of 3, 6, 9 fb for
the production of the diphoton final state, which translates to
~ 5,10 and 15 events in the mass window 700-800 GeV. The
simulated efficiency is ~ 75 % for ATLAS [1]. The diphotons
have relatively low momentum and are very central in the

4 This choice of the effective couplings seems arbitrary, but it resembles
the structure of a hierarchical scenario in a simple composite Higgs
model discussed in Ref. [54].
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Fig. 4 Cross section contours (from bottom: 3, 6, 9 fb) for o (pp —
Yyryy) for my, = 1510 GeV in Scenario 1 assuming BR(¢; —
Y) = 90% and BR(¢p;y — yy) = 0.7%. The shaded area is
excluded by dijet production

detector which results in a very low contribution - consistent
with the data - to the CMS EBEE [2] (ECAL barrel-end-cap)
signal region, 1.0, 2.1 and 3.3 events respectively. The yield
in the barrel signal region is similar to that of ATLAS.

In Fig. 5 we show the missing transverse energy distribu-
tion for different heavy scalar masses, my, = 1510, 1600
and 1700 GeV. We can see that even for the mass degenerate
scenario, the net transverse missing energy is not negligible
and the distribution peaks around 100—150 GeV. As expected,
once the mass gap between ¢, and ¢; increases, the distri-
bution shifts to the right. This distinctive feature can be used
to measure the mass of the heavy scalar once the signal is
confirmed and with higher statistics (see also the detailed
discussion in Ref. [37]).5

4.3 Scenario 2

4.3.1 Benchmark parameters

In this scenario, we assume that all the effective couplings c‘f"
in Eq. (2.3) are non-vanishing. For simplicity, we fix the rela-
tions between the various c‘f" as in scenario F'I of Ref. [13].
The authors introduced heavy vector-like fermions with the
following SM gauge group SU(3)¢ xSU(2)7, xU(1)y assign-
ment: (3,2, 7/6). The tree level decays of the pseudoscalar
into these new vector-like fermions are kinematically closed

3 The recent—still unpublished—results presented by the ATLAS col-
laboration at the 51st Rencontres de Moriond [55] favour a model with
the E‘T“iSS distribution similar to the SM background. In the context of
our hierarchical framework this would point to the setup very close to
the decay threshold ¢ — ¢ ¢ in order to ameliorate the tension.
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Fig. 5 Missing transverse energy distribution of the process o (pp —
Yryy) for mg, = 1510, 1600, 1700 GeV in Scenario 1—red, blue
and black histograms, respectively

and thus the pseudoscalar only decays into the SM gauge
bosons via loop induced couplings as well as into DM. We
assume that the following parameters define the physics of
the light pseudoscalar:

' =1.4-1072, gy = 6.6- 1072, my, = 341 GeV.
(4.11)

This choice of parameters gives the correct DM relic den-
sity as discussed in the following section. The branch-
ing ratio of the light pseudoscalar into DM is 80 % while
BR(¢1 — yy) ~ 1.4%. The remaining couplings, cf)l and
c? ! are related to cg”, as shown in Table 1. Moreover, we
have increased the mass of ¢, to mg, = 1600 GeV (for the
reason explained in the next paragraph). The ratios of the

partial widths of ¢; into SM gauge bosons are given by

yZ/yy =0.06, WW/yy =0.91,

ZZ/yy =06, gg/yy =11.62. (4.12)

4.3.2 Constraints

In this scenario where both scalars couple to gluons, the con-
straints from dijet searches [38—41] and diphoton searches
have to be taken into account for both invariant masses of 750
and 1600 GeV. However, the dominant branching ratio for
both ¢ and ¢, is not the one into jets. We have checked that
for the above choice of parameters, Eq. (4.11), the dijet con-
straints for ¢ are easily fulfilled. The situation is more tricky
for the diphoton final state. In fact, since ¢| couples to gluons,
direct production of the lighter resonance ¢ is now possible
and thus we have to check that the resonant production of ¢
is still suppressed. We found thato (pp — ¢1 — yy) =~ 21b
at /s = 13 TeV and one can indeed expect ~ 3 events in
the signal region at 8 and 13 TeV.
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Mg, =1600 GeV
5000 [ ‘ ‘ E

4000 1

3000 - 1

A[GeV]
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0.00 0.02 0.04 0.06 0.08 0.10

of

Fig. 6 Cross section contours (from bottom: 2.6, 3.9, 5.2 fb) for
o(pp — Yyyy) for my, = 1600 GeV in Scenario 2, assuming
BR(¢1 — y¥) = 80% with BR(¢1 — yy) = 1.4%. The light
shaded area is excluded by the direct diphoton production ¢ — yy
at myy, = 1600 GeV. The red line corresponds to the best fit from two
high mass events (at 1600 GeV) in ATLAS

Similarly for ¢,, the dijet constraints have been checked
and we have found that they become relevant for values of
the coupling c?z 2 0.2. There is also a not-so-welcome con-
tribution to the diphoton final state at m,,,, = 1600 GeV. This
one will turn out to be a much stronger constraint. Inciden-
tally, there are two events in the ATLAS search [1] at this
invariant mass. The expected number of background events
is ~ 0.8 for m,,, > 1500 GeV. Since both events are located
closely together one can speculate that they originate from
a hypothetical new particle and under this assumption the
local significance is ~ 3o. This motivates our choice of
mg, = 1600 GeV.l In any case, we also have to take into
account the bound from CMS EBEB (ECAL barrel) signal
region, where no events were observed at m,, = 1600 GeV.
Since the diphotons have the largest branching ratio from the
EW gauge bosons, one clearly sees that the constraints from
other diboson production processes are easily fulfilled [56—
58]. Nevertheless one could eventually expect to observe e.g.
Z Z resonant production in the 4-lepton channel.

4.3.3 Results

In Fig. 6 we present the cross section contours for o (pp —
Y¥ryy) in Scenario 2. In the shaded area, the resonant
diphoton production via ¢, violates experimental bounds,
mainly from the CMS EBEB signal region. The red line

© Note that choosing any other mass would actually lead to even
stronger combined exclusion limits from both experiments at the high
invariant masses.

corresponds to the expected observation of 1.2 events at
my,, = 1600 GeV. The cross section contours 2.6, 3.9, 5.2 fb
correspond to the expected 6, 9 and 12 events, respectively.
As discussed in the previous paragraph, the additional con-
tribution of 3 events due to the resonant ¢ production would
be expected. Similarly to Scenario 1, the diphotons have rel-
atively low momentum and are very central in the detec-
tor, which results in a very low contribution, consistent with
the data, to the CMS EBEE [2] signal region, 1.5, 2.3 and
3.1 events, respectively. The combination of the photon con-
straints at the high mass and at 750 GeV, narrows the pre-
ferred parameter space to cg)z ~ 0(0.05) and 1 = 2.5 TeV.
We note that the ratio of the anomalous couplings of both
scalars is approximately given by cg)z / ng, ~ 3-4.

Figure 7 shows the missing transverse energy distribu-
tion and transverse momentum distribution of the photon
pair. We compare the expectation for the SM background
simulated with MadGraph and normalised to the observed
number of events. Both new physics contributions from
pp — ¢1 — yy and pp — ¢ — ¢1¢| are shown sepa-
rately. While the light ¢ production exhibits a shape simi-
lar to the background, the contribution due to ¢ is heavily
shifted towards higher values, as already observed in Sce-
nario 1. This provides a unique feature of the model studied
in this paper.’

5 Dark matter phenomenology

In this section we discuss the possibility that the lightest
pseudoscalar mediates the interactions of a DM candidate—
a Majorana fermion—with the SM. While several aspects
of the phenomenology of DM with a possible 750 GeV
(pseudo)scalar mediator have already been studied in the lit-
erature [15-29], we investigate the DM in a novel setup and
taking into account LHC constraints.

Within this framework, the DM particles ¥ annihilate into
SM particles via the s-channel exchange of the pseudoscalar
mediator ¢ . The final state particles which can be produced
in the annihilations are: ¥ — yy,gg,yZ, ZZand Wt W~
depending on the couplings and on 1, . We compute the relic
density of ¥ using the code micrOMEGAs 4.1 [59], for
which we have implemented our model in the CalcHEP
format [60].

To address the phenomenology of DM in the parame-
ter space allowed by our model, we have performed a ran-
dom scan with 10000 points over the parameters (1, c?i).
The other parameters are fixed by imposing the relations in

7 In the light of the ATLAS presentation at the 51st Rencontres de
Moriond [55], an increase in the direct production of ¢ seems inevitable
in this scenario for consistency with the presented differential distribu-
tions.
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Fig. 7 Missing transverse energy distribution (left) and transverse
momentum of the photon pair (right) of the process o (pp — yy + X)
for my, = 1600 GeV in Scenario 2. The black histogram is for the SM

Table 1 and the invisible branching ratio BR(¢1 — ¢¢) =
90 (80) % in Scenario 1 (2). Fixing the BR(¢; — ¥ ) leads
to a relation between gy and cf' . We have limited the DM
mass up to mg, /2, in order to allow for invisible decays of
¢1 as already discussed in Sect. 2.

5.1 Relic density

We compute the relic abundance of the DM as a function of its
mass my and coupling gy,. We apply the current constraints
from the PLANCK satellite [32] with the best fit value of the
relic density corresponding to 2y h* = (0.1198 =+ 0.0026)
[61]. We consider a benchmark point consistent with the
PLANCK bound, if the computed relic density does not
exceed the measured abundance. As a consequence, we
regard under-abundant DM as cosmologically safe although
additional DM candidates have to be introduced in the con-
text of the standard cosmology.

5.2 Indirect detection

The observation of the final products of DM annihilation
is a promising method to search for DM. In the scenarios
considered here, ¢; does not couple to fermions, therefore the
possible contributions to the velocity averaged annihilation
cross section are: (0 V)ior = (0V)yy + (OV)ww + (oV) 7y +
(ov)zz in Scenario 1 and (o V)it = (0V),y + (OV)z,) +
(ov)zz + (0V)ge in Scenario 2.

Among all possible SM particles which can be produced
by DM annihilation, photons are among the most powerful
messengers for the ID of DM, since they proceed almost
unperturbed when propagating through the Universe. y-rays
from DM annihilation can be produced via a variety of mech-
anisms. Here we have two different y -ray signatures. Firstly,

@ Springer
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background, the red for the full decay chain, Eq. (3.6), and the blue for
the direct production of the light scalar, Eq. (3.7)

the DM annihilation into the SM gauge bosons, Y — ZZ,
Zy, WTW~ and gg, which eventually hadronise and/or
decay producing lighter mesons (77) that give rise to a con-
tinuous spectrum. Secondly, both our scenarios are charac-
terised (owing to the connection to the diphoton signal at
the LHC) by the presence of a monochromatic y-ray sig-
nal at my . Since no DM signal has been found so far by ID
experiments, we apply the latest bounds from the Fermi-LAT
collaboration on the DM annihilation cross sections [33,34].

In order to compare with the experimental bounds from
ID, we rescale the DM annihilation cross section taking
into account the ratio of the value of the relic density com-
puted in our scenarios and the observed one. We impose the
limits on the continuous spectrum from the latest observa-
tion of dwarf spheroidal galaxies (dSphs) of the Milky Way
made by Fermi-LAT [33]. For Scenario 1, we compare the
experimental bounds from he W+ W ™ final state provided by
Fermi-LAT [33] with our predicted annihilation cross section
(ov)yzz + (CV)w+w- + % In Scenario 2 we compare
the experimental bounds for the uu channel obtained by the
Fermi-LAT collaboration [33] with our predicted annihila-
tion cross section (o v)ge.

We further consider the limits on the annihilation cross
section from Galactic y-ray line searches from Fermi-
LAT. In this case, we compare the experimental bounds
from Ref. [34] with the predicted annihilation cross section
(Ov)yy + <0v2> L. 'We consider the limits given by the Fermi-
LAT collaboration, both assuming a Navarro—Frenk—White
(NFW) profile and an Einasto profile of the spatial distribu-
tion of DM in our Galaxy.

8 For this purpose, we notice that the y-ray spectra from light quarks
and gluons are similar as well as the y-ray spectra from gauge bosons
are almost universal, as advocated for instance in Ref. [63].



Eur. Phys. J. C (2016) 76:262

Page 9 of 13 262

150 100 150 200 300
f ™~ [ & —1
05—
>
S 01—
0.05—
0.01 I I
50 100 150 200 300

my [GeV]

Fig. 8 Results of the numerical scan in the parameter space (my , gy)
for Scenario 1 (see Table 1). Grey points correspond to over-abundant
DM and they are excluded by the relic density measurement made by
the PLANCK satellite [32]. The solutions lying on the red curve have
the correct relic density. Blue points correspond to under-abundant DM
and are allowed by ID. Yellow (yellow + orange) points are excluded
by y-ray line searches [34] assuming a NFW (Einasto) profile of the
spatial distribution of the DM in our Galaxy. The brown curves indicate
different values of the total decay width of ¢, 'y, = 1, 10, 40 and
60 GeV, respectively, from bottom to top

5.3 Direct detection

The limits from direct searches for DM are not relevant in the
case of a pseudoscalar mediator. The DM-nucleons scattering
cross section is indeed strongly suppressed by the square
of the nuclear recoil energy, which is small because of the
non-relativistic nature of the interaction (see for instance the
discussion in [62]). Therefore we do not discuss bounds from
direct detection experiments.

5.4 Numerical results

The results of the numerical scan for Scenario 1 are shown
in Fig. 8 in the (my, gy) plane. In this scenario, we have

fixed ' = 0, BR(¢1 — ¥) ~90% and Ay, =3 TeV, as
described in Sect.3 (see Table 1). We depict as grey points
the solutions with Q¢h2 = 0.1198, hence excluded by the
relic density measurement made by the PLANCK satellite
[32]. The solutions lying on the red curve have the relic den-
sity Qwhz ~ (0.1198 % 20) while the blue points corre-
spond to under-abundant DM (521/,}12 < 0.1198) and are in
agreement with ID bounds. Yellow (yellow + orange) points
are excluded by y-ray line searches [34] assuming a NFW
(Einasto) profile of the spatial distribution of the DM in our
Galaxy. The y-ray line constraints also apply to the points
along the red line close to the yellow region. Finally, the
brown curves denote the contours of the total ¢»; decay width

corresponding to I'y, = 1, 10, 40 and 60 GeV (from bottom
to top), respectively.

Concerning Scenario 2, the results of the numerical scan
are shown in the two panels of Fig. 9. The scan ranges of the
input parameters are given in Table 1. In the left panel, we
show the parameter space in the (my, gy ) plane. The colour
code is the same as in Fig. 8. In the right panel, we depict
the results in the (my;, cfl ) plane. On top of the relic density
and the y-ray lines constraints, in this plot we additionally
present the collider constraints.

The green thick line (and the green shaded area above)
indicates the upper bound at 95 % confidence level (C.L.)
on the pp cross section for final states with one energetic
jet and large missing transverse momentum at /s = 8 TeV
from the ATLAS collaboration [45]. This bound is placed at
' ~ 0.07 and g, ~ 0.25-0.5 in the two plots of Fig. 9.
Although constraints from the dijet search at /s = 8 TeV
are not shown in the plots, we have also computed the upper
limit at 95 % C.L. taken from Ref. [11], which corresponds
to ¢ ~0.14 and g ~ 1.

In the left panel of Fig. 9, the thick brown lines denote
'y, = 1, 10, 45 and 60 GeV (from bottom to top), respec-
tively, while in the right panel, the single brown line corre-
sponds to 'y, = 60 GeV at c_fl ~ 0.3. Finally, one has to
take into account the direct resonant production of ¢; fol-
lowed by the decay to a photon pair. This has to be combined
with the non-direct production to obtain a meaningful limit,
as detailed in Sect. 3. For guidance we show the purple dashed
line corresponding to o (pp — ¢1 — yy) = 1fb.

In both scenarios, the constraint on the relic abundance of
¥ sets a lower limit on my: for my, S 150 (120) GeV, gy
approaches the non-perturbative regime. Indeed, when m; is
light, far from the resonance, large values of the coupling g
are required in order to match the correct relic abundance.
On the other hand, light DM masses allow for a larger total
decay width Iy, . Nonetheless, Iy, as large as ~ 45-60 GeV
turns out to be disfavoured by ID constraints, mainly y-ray
line searches with the Fermi-LAT satellite. These bounds
can be relaxed considering a more conservative DM density
distribution thus allowing for a small region of the parameter
space with my, ~ 200 GeV where I'y, ~ 45 GeV and v is
under-abundant. When my, approaches the value my, /2, the
annihilation cross section gets enhanced and allowed values
of the relic density Qwh2 < 0.1198 are achieved with smaller
values of gy, as low as ~ 10~2(1073) in Scenario 1 (2).

The ID y-ray bounds mainly constrain DM masses m, <
300 GeV and values of the coupling gy = 0.2. The bounds
from dSphs turn out to be not relevant in this scenarios for
perturbative values of gy, while searches for y-ray lines give
stronger constraints. The relative strength of these bounds is
determined by the relative ratios of the effective couplings
c;’.". A larger region of the parameter space of both scenar-
ios can be further probed with both y-ray lines and dSphs

@ Springer
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Fig. 9 Results of the numerical scan in the parameter space (imy , gy )

(left) and (my, cg") (right) for Scenario 2 (cf. model F1I in [13] and
Table 1). Grey points are excluded by the relic density measurement by
the PLANCK satellite [32]. The solutions lying on the red curve give
the correct relic density. Blue points correspond to under-abundant DM
and are allowed by ID. Light blue points are in disagreement with the
latest observation of dSphs [33]. Yellow (yellow + orange) points are
excluded by y-ray line searches [34], assuming a NFW (Einasto) profile
of the spatial distribution of the DM in our Galaxy. The green thick line

searches by the Fermi-LAT collaboration in the immediate
future, by accumulating more data.

6 Conclusions

A modest excess in the diphoton channel at the invariant
mass of about 750 GeV has been reported by both ATLAS
and CMS collaborations at the LHC. Motivated by this recent
observation, we have considered a model with a heavy parent
pseudoscalar decaying into a pair of 750 GeV pseudoscalar
resonances.

This hierarchical framework improves the agreement
between 8 and 13 TeV data on the resonant production of
the 750 GeV (pseudo)scalar. Moreover, since no additional
SM particles seem to accompany to the diphoton signal, we
have addressed the possibility for the lighter resonance to
decay dominantly into invisible particles, which can play the
role of the DM in the Universe. In this setup, the annihi-
lation of DM into SM particles proceeds via an s-channel
exchange of the lighter pseudoscalar. We have examined the
implications of the diphoton signal on the DM phenomenol-
ogy, taking into account an array of constraints, both from
LHC and from astroparticle physics. We have conducted our
analysis with an effective theory approach, assuming that
the DM is a Majorana fermion and considering two repre-
sentative scenarios with specific patterns for the effective
couplings.
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(and the green shaded area above) indicates the upper bound at 95 %
C.L. on the pp cross section for final states with one energetic jet and
large missing transverse momentum at /s = 8 TeV from the ATLAS
collaboration [45]. In the panel on the left, the brown curves indicate
different values of the total decay width of ¢, I'y, = 1, 10, 40 and
60 GeV, respectively, from bottom to top. In the right panel, the thick

brown line at cg" ~ 0.3 denotes I'y, = 60 GeV. The purple dashed line
denotes o (pp — ¢1 — yy) = 11b

We have fitted the model to the diphoton excess and we
have imposed constraints from mono-X (X=jet or photon),
dijet and jets plus E ?‘i“ searches. Concerning the DM, we
have required compatibility with the relic abundance deter-
mined by the PLANCK satellite and with indirect detection
constraints from the Fermi-LAT satellite, namely searches
for y-ray lines from DM annihilation in our Galaxy and for
y-rays from DM annihilation in dSphs.

We have found that the relic density constraint together
with the requirement of perturbativity of the couplings,
impose an upper bound on the DM mass 2 150 GeV (120)
GeV for Scenario 1 (2). ID bounds further constrain the
parameter space, for DM masses < 300 GeV and values
of the coupling gy 2 0.2. The astroparticle constraints turn
out to disfavour a large decay width of the light resonance ~
45-60 GeV.

Finally, further constraints imposed using the LHC data
and the production of ¢»; and ¢, provide limits on the coupling
of the heavq;y pseudoscalar to gluons. In Scenario 1 they are
placed at ¢§* < 0.2.and A 2 1000 GeV. In Scenario 2 on the
other hand, cg’z ~ 0.5-0.6 and A = 2000 GeV. We addition-
ally consider differential distributions of missing transverse
energy and transverse momentum of the photon pair. These
features can be used to identify the models similar to the ones
considered here.
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Appendix: Decay formulae

For the forthcoming discussion it is convenient to recast the
effective couplings of both pseudoscalar states ¢ to the
SM gauge bosons in Eq. (2.3):

bi

¢, = ¢} cos? Oy + 3 sin® Oy (7.1)
c,, = c({)i sin? Oy + c?" cos® Oy (7.2)
cizy =2(c) — c‘f”) sin Oy cos Oy , (7.3)
Cyw =", (7-4)
s (7.5)

where sin Oy denotes the sine of the Weinberg angle.

Given the Lagrangian described in Eq. (2.3) and using
Egs. (7.1)—(7.5) one can obtain the partial decay widths for
the two pseudoscalar particles ¢; and ¢, decaying to the final
states i and j by the general formula,

2
Cp i = Sij —|M¢1’2_)ij|
¢1.2 1) ) 1677 mqblvz
(m? + m?) (m? — m%)2
x |[1=2 3 y , (7.6)
m m
1.2 $1,2

where the statistical factor s;; accounts for identical particles

. 2. .
in the final state, M¢1,z—>i j | is the squared matrix element
of the process ¢1,2 — ij and m; (m ;) is the mass of particle

i)

The squared matrix elements for the decay processes of
¢ read

M > = 256 588 52
1 — g8 A2

(7.7)
1
2 2 2
4
(Mg, = wew-|? = 645 (1 - mW) , (7.8)
A¢1 s
2 2 2
c5, S 4m
My, z2|* = 32-2% (1 - Z), (7.9)
A¢1 s
2 2 2 2
(Mg, 7| = 1622 ( = @> : (7.10)
A¢1 s
2 2
) .,
Mg, >y | = 3225 (7.11)
1
2 2
Mgy - yy|” =8¢y s, (7.12)
while the ones for ¢, are given by
2 cgg 2
|Mg, = oo = 256557 (7.13)
91
2 2 2
c s 4m
(Mey = wow-|* = 64-2E (1 - W) : (7.14)
A¢>| s
2 2 2
4
Mg, - 27|* =3222° (1 - mz) , (7.15)
A¢] s
2 2 2\ 2
(Mg, = 2" = 16czy2s ( -~ &> : (7.16)
A¢1 s
2 2
2 ny N
| Mg, -y =32 e (7.17)
[
2
|May > gron|” =422 (7.18)

Here s is the centre-of-mass energy that for an on-shell decay
of the pseudoscalar particles are s = mé] and s = miz
respectively.

The relevant decay widths for the pseudoscalar ¢; are

obtained using Eq. (7.6):

8¢2 m3
P1
L e (7.19)
T[A¢1
32
2c%VWm3 4m?
¢ w
Ly wrw-= A2 |1 - m2 ’ (7.20)
é1 @1
2 3 2\ 3/2
Czzm dm
F¢] — 77 = A2¢1 (1 - 2Z> ) (721)
Ty, Mg,
2 3 2\ 3
CZ m
Ty 7y = - VAZ"” <1 - —ZZ) , (7.22)
T, mg,
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2 .3
co.,m
Ty > yy = %}” (7.23)
Thg,
2 2\ 1/2
gyMey 4mw
Por—yw =——{1-—5 (7.24)
#1
The decay widths for the heavy pseudoscalar ¢, are
8c2 m>
2
Ty > gg = —s2, (7.25)
JTA¢2
2 3 3/2
B 2ciywmy, B 4m%/v
F¢2 — Wtw—- = A2 1 2 s (726)
Thg, Mg,
2 3 2\ 3/2
r _ 22 (g 727
¢2 — 7Z7Z = A2 2 ’ ( . )
Thg, Mg,
2 3 2\3
CZ m m
A e e L= B (7.28)
Thg, Mg,
2 3
cs.,m
Yv''¢
gy —yy = —A2 2 (7.29)
Thg,
2 am3 \ "2 230,
Iy, - = — 7.
o) P11 87‘[1’}1¢2 m(zbz
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