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Asymmetric dark matter in the Sun and diphoton excess at the LHC
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It has been recently pointed out that a momentum-dependent coupling of the asymmetric dark matter
(ADM) with nucleons can explain the broad disagreement between helioseismological observables and the
predictions of standard solar models. In this paper, we propose a minimal simplified ADM model
consisting of a scalar and a pseudoscalar mediator, in addition to a Dirac fermionic DM, for generating such
momentum-dependent interactions. Remarkably, the pseudoscalar with mass around 750 GeV can
simultaneously explain the solar anomaly and the recent diphoton excess observed by both ATLAS
and CMS experiments in the early /s = 13 TeV LHC data. In this framework, the total width of the
resonance is naturally large, as suggested by the ATLAS experiment, since the resonance mostly decays to
the ADM pair. The model predicts the existence of a new light scalar in the GeV range, interacting with

quarks, and observable dijet, monojet, and 7 signatures for the 750 GeV resonance at the LHC.

DOI: 10.1103/PhysRevD.94.025001

I. INTRODUCTION

Based on the early /s =13 TeV LHC data, both
ATLAS and CMS experiments have reported an excess
in the diphoton invariant mass distribution around 750 GeV
[1-4]. Although the significance of this excess is only
around 3 ¢ and more statistics are required to draw a firm
conclusion, it has already triggered an avalanche of
theoretical speculations in terms of a new resonance X;
see e.g. [5-36]. There are some key points to bear in mind:
(i) Since a spin-1 object cannot decay to two photons due to
the Landau-Yang theorem, the simplest interpretation of
this new resonance is in terms of a spin-0 object with
750 GeV mass.' (i1) The best-fit cross-section values for
o(pp = X — yy) ~O(10 fb) [1,2] suggest that the new
resonance should have a rather large effective coupling to
the Standard Model (SM) quarks and gluons. In order to
reconcile the diphoton signal with the nonobservation of
any corresponding signal in the hadronic final states, new
physics must be involved in the decay process, in addition
to the 750 GeV resonance, while the production can still be
due to quark-antiquark annihilation at the tree level, unless
it is Yukawa suppressed. (iii) In addition, ATLAS has
reported a rather large decay width of I'y ~ 45 GeV for the
resonance [1] which, if confirmed, means that X must have
a sizable partial decay width to experimentally challenging
or invisible final states, since the partial decay width to yy
is loop suppressed and can hardly make up for the
observed width.

It is interesting to note that if X couples sizably and
decays dominantly to cosmologically stable dark matter

'See also [37,38] for earlier investigations.
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(DM) particles y, it can easily have a large decay width
[6,7]. The existence of a particle DM is strongly motivated
by several astrophysical and cosmological observations;
see e.g. [39] for a review. Although its basic properties such
as mass, spin, and couplings are still unknown, there are
several well-motivated reasons to believe that the DM is
sufficiently light so that the tree-level decay of the new
resonance X to a pair of DM particles is kinematically
allowed, while satisfying all current experimental con-
straints. In particular, the fact that the observed DM and
baryon abundances in our Universe are quite similar, i.e.
p,/ps = 5[40], suggests that these two seemingly disparate
quantities might be related in some way. This is naturally
realized in asymmetric DM (ADM) scenarios (for reviews,
see e.g. [41-43]), where the asymmetry in the number
density of DM over anti-DM is similar to the baryonic
sector, thus pointing towards a light DM with m,, ~ Sm =
5 GeV, where m,, is the proton mass. Furthermore, it was
recently shown [44,45] that if the ADM has a momentum-
dependent coupling to nucleons, it can resolve the broad
disagreements in solar physics between helioseismological
observables and predictions of standard solar models.”

?A reassessment of the solar abundance problem in light of a
newly determined lower limit on the solar metallicity [46] claims
that the ADM solution is no longer plausible. However, this is by
no means a foolproof claim and a number of arguments against it
have been presented recently in [47]. Given that the main focus of
our work is on a simplified model which connects the ADM
physics to the LHC diphoton excess, we do not intend to enter
into the ongoing debate of solar abundance, rather simply use the
ADM solution of [44,45] as our benchmark choice.
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In this paper, we present a minimal simplified model for
a momentum-dependent ADM, where we introduce just
two additional degrees of freedom, viz. a real scalar field
and a real pseudoscalar field, which have a small mixing
with each other. We argue that, while the mostly scalar
mass eigenstate must be at the GeV scale to explain the
above-mentioned anomalies in solar physics, the pseudo-
scalar is required to have a large coupling to the DM, so that
it can easily be the 750 GeV resonance observed at the
LHC. We further note that the coupling of the pseudoscalar
to SM quarks must be very small to avoid constraints from
the nuclear electric dipole moment (EDM); therefore, the
dominant production of the pseudoscalar field at the LHC
proceeds through its mixing with the scalar field. As
discussed above, the decay process into two photons must
involve additional new physics to enhance the diphoton
branching ratio, as compared to the heavy-quark ones. So
far, popular choices include the introduction of exotic
vectorlike fermions or the presence of a new strongly
interacting sector [5-36].

II. THE MODEL

The minimal simplified model to generate a momentum-
dependent DM cross section, via the effective operator i
X7sx 4q, consists of a real scalar and a real pseudoscalar
mediator, denoted, respectively, by ¢ and ¢p, which mix
with each other. The mass and interaction Lagrangian of the
simplified model is

2 2
m m _
L> 7"5(/)2 + 7”45% + 12ppd + m iy

+ 9p9aq9 + igpdpaysq + ihdpzysy. (1)

where, for simplicity, we have taken the Yukawa couplings
to the SM quarks as flavor blind.” In a full SU(2)-invariant
model, these couplings may originate from effective
operators of the form %QL Pgrp, when the (possibly
beyond the SM) scalar doublet ® gets a vacuum expectation
value below the cut-off scale A. In this case, sizable
couplings of ¢ to light quarks can be generated by its
mixing with the heavy scalar doublet ®, having Yukawa-
type couplings with the quark sector. The vacuum expect-
ation value of the latter must be small, in order to comply
with electroweak precision data, but a sizable mixing
between ¢ and ® can be realized anyway, at the price of
some fine-tuning of the parameters of this extra scalar
sector.

This simplifying assumption is, however, not crucial for our
analysis. All we need are sizable couplings to at least one first-
and one second-generation quark, for the solar-physics argument
and the diphoton explanation, respectively.
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In the spirit of a simplified-model approach followed
here, in (1) we have included only the couplings relevant
for the following discussion. In particular, we assume that
any mixed quartic couplings between the SM Higgs and the
new spin-0 particles, which are a priori allowed by the
symmetries of the model Lagrangian, are sufficiently small
so that they do not affect significantly the SM Higgs
phenomenology. Also, for the purposes of this work, we
have not included a scalar coupling to DM, because this
would generate a momentum-independent cross section.
However, a small coupling of this kind could be potentially
included in a more general analysis, by making sure that the
momentum-independent part is subdominant.

The scalar and pseudoscalar fields mix into the mass
eigenstates ¢ and ¢,, mostly scalar and pseudoscalar,
respectively. The mixing angle a, in the limit mg << my of
interest in the following, is approximately given by

2
tan o = /4_2 (2)
ny
The couplings of the mass eigenstates to quarks and DM
are easily found as

=L D g4¢asqq + 9pSaPadq — i9pSaPsqyrsq
+ igpCaPadysq — ihsabsiysy + ihcopagysy. (3)

where we have introduced the abbreviations s, = sina
and ¢, =cosa.

III. ADM FROM SOLAR PHYSICS

The basic idea is that collisions between ADM and
nuclei can lead to capture and accumulation of DM in large
quantities in the solar core, if the collisions result in
sufficient energy transfer to bring down the DM velocity
below the local escape velocity [44-52]. Optimal energy
transfer and, hence, optimal capture rate, occurs for DM
masses close to that of the solar composition, which is
mostly hydrogen and helium. It is interesting that this is
roughly the same mass range expected in generic ADM
models to explain the 5:1 relic DM-to-baryon density
[41-43]. Momentum-dependent DM-nucleon scattering in
the Sun leads to an additional efficient mechanism, along-
side photons, for heat transport from the solar core to the
outer regions, thereby affecting various helioseismological
observables.

In Refs. [44,45], a formally 60 preference for momen-
tum-dependent ADM was presented, which resolved the
longstanding anomalies of the standard solar models in
describing the observed sound-speed profile, convective
zone depth, surface helium abundance and small frequency
separations in the Sun. In particular, they found the best-fit
values of the DM mass and interaction cross section with
nucleons, respectively, as
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m, =3 GeV, opp = (|¢]/40 MeV)?10737 cm?,  (4)

where ¢ is the 3-momentum exchanged in the “direct-
detection” process yN — yN, i.e. the nonrelativistic scat-
tering of the DM with the nucleon N. Although this best-fit
point (4) has been ruled out very recently using the latest
CRESST-II data [53], there still remains a sizeable part of
the momentum-dependent ADM parameter space [45]
which provides significant improvement with respect to
standard solar models. For concreteness, we choose a
benchmark value of m, =2 GeV,' while keeping
opp = (|¢]/40 MeV)?10737 c¢m?, as in Eq. (4), which is
well within the preferred ADM parameter space [45], as
well as consistent with the CRESST-II limits [53].
According to our estimate, this benchmark point is also
consistent with the latest CDMSlite results [57], after
extrapolating their limit on the momentum-independent
cross section to the momentum-dependent cross section
considered here, by a simple rescaling of the typical
3-momentum exchanged.

At the quark level, opp in our model is given by the
process yq — yq, with t-channel exchange of the mediators
¢s, da. In particular, for g*> < m3 ,, the following local
term is generated in the quark-level effective Lagrangian:

sin2a 1 I\._ _ o
5 hog\ =5 ) ixrsxaq = Jigrseaq- - ()
Mg 1My

We perform the matching to the nucleon -effective
Lagrangian in the standard way. The effective coupling
to the proton is found to be 0.47 JizysyNN, and for the
nonrelativistic differential cross section, we obtain

do 1 m,
dcos®  8m(m, +my)?

0474132 (6)

For the benchmark values chosen above, we thus obtain the
constraining relation for the model parameters:

sin 2a GeV?  GeV?
— =06x 1073, 7
2 gzﬁ ' m% mle S ( )

This equation provides the constraint on the model param-
eters needed to account for the benchmark value above.
Thus, in order to reproduce the results of [45], we need
relatively large mixing and couplings of O(1073 1072), and
at least one of the two mediators in the GeV range. In the

‘A 2-3 GeV DM is prone to evaporation from the solar interior
[54-56]. The evaporation rate depends on the interaction cross-
section, mean free path and thermal regime. In the analysis of
[45], it is argued that this is small for nuclear scattering cross-
sections allowed by direct detection. A full kinematic analysis
would be necessary to assess this issue more quantitatively, but
this is beyond the scope of this work.
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following, we will use (7) to fix the value of the scalar
coupling to the quarks g, in terms of the other model
parameters.

IV. EDM CONSTRAINTS

The mixing of the scalar and pseudoscalar bosons
induces an EDM for the quarks, by means of the one-loop
diagram in Fig. 1. For the EDM of the down quark, we find

d,~83x 101 455+ In—"
p, X ecm X ( + nGeV)

" sin2a GeV?  GeV? (8)
B ng¢ mg mi ’

where m is the mass scale of the lightest mediator. The
EDM of the neutron can be related to the one of the quarks
as given, e.g., in Ref. [58]. Here, for a rough estimate, we
approximate it as d,~0.5d;. By requiring |d,| <
3x 10720 ecm at 90% C.L. [59], and combining with
(7), we obtain the EDM bound

9P< —6
= <107 9
9 ©)

Thus, the pseudoscalar coupling to quarks gp will play no
role in what follows, and we may set it to zero to simplify
the model phenomenology. Also, we assume negligible
couplings to the SM leptons, in order to avoid a plethora of
low-energy constraints in the lepton sector, most notably
from the electron EDM [60].

V. CMB CONSTRAINTS

For ADM, it is not possible to impose directly the
successful prediction of the observed relic density, unless
one considers an explicit mechanism for the generation of
the DM asymmetry [41-43]. This is because the relic
density is typically proportional to the primordial asym-
metry, assuming that annihilation processes dominantly
conserve the DM minus anti-DM number. However, the
successful annihilation of the symmetric thermal compo-
nent allows one to put a lower bound on the relevant
annihilation cross sections [61]. Ashown in Fig. 2, for the
model under consideration, the dominant annihilation
processes are given by the s-channel annihilation into

¢ -X~ 9r

FIG. 1. One-loop diagram contributing to the neutron EDM.
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X q Xy 05,4
> $s.a <
- - - Y x
X < ?s.4
X q
FIG. 2. Annihilation processes relevant for the depletion of the
thermal symmetric component of the DM.

quarks and ¢ and u—channel annihilations into a pair of
mediators, the latter if kinematically allowed. We will
denote their cross sections by o,, and o,,, respectively.

A too large symmetric component of DM at the epoch of
recombination would cause a sizable effect on the CMB,
coming from DM-anti-DM annihilation. Assuming an
ionization efficiency factor f = 1, in Ref. [61] this “indirect
detection” bound is found to be

(ov)epp < (1.2 x 10727 cm? s‘l)%i, (10)
where (ov)cyp is the cross section times relative velocity,
thermally averaged at the epoch of recombination, and 7,
is the ratio of anti-DM to DM energy density.

On the other hand, in order to fit the observed DM relic
density, the annihilation cross section at the freezeout
epoch needs to be, approximately [62]

(ov); = (5x 10726 cm® s‘l)lnri. (11)
The annihilation into quarks is an s-wave process, and thus
(044V)t = (644V)cmp- Instead, the annihilation into the
scalar mediators is p-wave suppressed, being proportional
to v, and hence, (6,,0)cump & 107" (0,,v);, having taken
v~ 0.3 and veyp ~ 1078, Therefore, eliminating the anti-
DM-to-DM ratio r,, from (10) and (11), and imposing
m, =2 GeV for our benchmark value, we find the CMB
bound

<0qu>f + <0(/)¢U>f
5x 10720 cm3s~!|’

(12)

which will be used in the next section. Notice that the
bound occurs far from the s-channel resonance for o,,. At
the resonance the bound is more easily satisfied, since
(6,,v)¢ appears in the exponent on the right-hand side

q4q
of (12).

(04qV); < (24 %1077 cm’ s71) ex

VI. DIPHOTON EXCESS

In order to fit the diphoton excess, we fix my =
750 GeV and T, =45 GeV, as suggested by the
ATLAS result [1]. The best-fit signal cross sections are
given by
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(104+3) fb  (ATLAS)

o(pp = X =17 {(613) b (CMS) (13)
Thus, for our numerical purpose, we take the conservative
range of (8 £5) fb. The dominant production channels in
our case are the quark-antiquark annihilations to the
pseudoscalar ¢,, induced by the scalar-pseudoscalar mix-
ing angle a. At /s = 13 TeV, we obtain the leading-order
cross section 6(pp — ¢,) = (433 pb)g3s3, obtained using
MadGraph5 [63] with NNPDF2.3 parton distribution
functions [64]. Note that the gluon-gluon fusion or any
other loop-induced new physics contribution will be
subdominant, as compared to the tree-level ¢g annihilation,
unless we introduce a large number of new colored objects
to run in the loop.

As for the decay process ¢, — yy, some new physics
must be present, in addition to the simplified model
considered here, to enhance its partial decay width T',,
to the level that 6(pp — ¢4) x BR,, is within the observed
range. Popular choices, considered so far, include vector-
like fermions and/or strong dynamics [5-36]. Here, we do
not wish to reiterate these interpretations, and instead
proceed in a model-independent way, by presenting our
results in terms of the value of I',,.. The other relevant decay
channels are ¢4 — qq (with g =u, d, ¢, s, b, t) and
¢4 — yi, with the following tree-level decay rates:

N 935z 4m2\3/?
FCIC_I = 877; my (1 - m—i> . (14)
h?c? 4m2\ 32

We have ignored subdominant decay modes such as
Gy = vZ, ZZ, gg.5 Thus, the total decay width is simply
given by

[y=T,, +T,;+T,;=45GeV. (16)

We fit the signal cross section for different values of I',.
The 95% C.L. upper limits from /s = 8 TeV LHC data on
dijet [65,66] and 7 [67] signal cross sections of 2.5 pb and
450 fb put upper limits on g,s, <0.20 and <0.22,
respectively. These are obtained from the leading-order
cross section o(pp — ¢a) = (159 pb)ggsy at /s =
8 TeV and using the branching ratios as given by (14).
The 95% C.L. upper limit on the yy cross section of
1.5 fb from the /s = 8 TeV LHC searches [68,69] implies

an upper limit of g,s, <0.02/,/T",,/GeV for a flavor-
blind coupling. Even though this bound seems to be very

stringent, there is still some allowed region of parameter

5Although Ly >Ts the contribution of the former to the

experimental signals is subleading, since the dijet rate is
dominated by the tree-level decay into quarks.
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dijet excl.

Ty = 0.25 GeV

Ty =1GeV N

CMB excluded

logqo a

FIG. 3. The parameter space of our ADM model, constrained
from perturbativity and CMB arguments, in addition to the
nonobservation of monojet, dijet, and diphoton signals at the
/s =8 TeV LHC. We exhibit the allowed parameter space
giving the observed diphoton signal (green shaded regions), for
two benchmark values of I'), = 0.25 and 1 GeV.

space to explain the observed diphoton signal at
/s =13 TeV. Here, we stress that the compatibility
between the diphoton results from the /s =8 and
13 TeV data can be enhanced depending on the detailed
flavor structure of the coupling g,, and in particular, for a
larger coupling to ¢, s, b-quarks, for which the production
cross section ratio at /s =13 and 8 TeV LHC is
larger [13,19].

For a large banching ratio of the resonance decay to DM,
as required here to explain the large total width, the
constraints from DM searches at the LHC via monojets
[70,71] turn out to be significant too [27,36]. For instance,
using the most stringent 95% C.L. upper limit on
the monojet cross section of 3.4 fb [71], we obtain
9450 < 0.04/\/BR(gs = 17).°

In order to translate the implications of the diphoton
excess in this model to the parameter space relevant for
ADM, we fix the ¢,y coupling from the total decay-width
formula (16), obtaining 4 = 1.2, which is well within the
perturbative limit. Plugging this into (7), we show the
allowed parameter space in the scalar mixing—mass plane
satisfying all experimental constraints in Fig. 3. Here, the
perturbativity condition g, <5 excludes the red shaded

®The corresponding limits on the spin-independent DM-
nucleon cross section derived in [71] cannot be applied directly
to our case, since they did not consider the momentum-dependent
operator. Also, one might wonder whether the pp — ¢ = y¥
process could lead to more stringent monojet constraints. How-
ever, for the selection cuts used in the monojet searches [70,71],
the possibility of a resonant contribution from an on-shell ¢g can
be readily ruled out, and the ensuing limits from an off-shell ¢g
will be much weaker compared to those derived using the
resonant ¢, production mentioned above.
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ms [GeV]

0.0 0.5 1.0 1.5 2.0
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FIG. 4. The parameter space of our ADM model, constrained
from perturbativity and CMB observations, without identifying
the pseudoscalar with the 750 GeV resonance. We have chosen
the remaining parameters as h = 0.1, a = 0.05, for illustration.
The black dashed and solid lines denote the anti-DM-to-DM
energy density ratio r, of 10% and 1%, respectively.

region. The blue and gray shaded regions are excluded from
CMB and dijet constraints, respectively, as discussed
above. The gray-meshed region represents the monojet
exclusion region from the /s =8 TeV data, assuming
BR(¢4 — yxj) close to unity and a conservative estimate of
the signal acceptance times efficiency of 80%. For the
presentation of our results, we have chosen the benchmark
values I',, = 0.25 and 1 GeV, for which the diphoton
favored regions are shown by the upper and lower green
shaded regions, respectively, after having imposed the
8 TeV diphoton constraint discussed above.

Here, we would like to mention that if the large width
requirement I’y = 45 GeV is lifted, the monojet constraint
become less stringent. In this case, we find an absolute
lower bound I',, > 0.5 MeV, coming from the dijet and
CMB constraints.

Before concluding, we should also remark that in case
the diphoton signal goes away with more statistics, the
mostly pseudoscalar state in our model does not necessarily
have to be this heavy. For illustrative purposes only, we
show in Fig. 4 the allowed parameter space when both the
scalar and pseudoscalar mediators are light for a typical
choice of the coupling 2 = 0.1 and the scalar-pseudoscalar
mixing a = 0.05. As expected, the CMB constraints are
more stringent in this case, but there is still a large
parameter space that is allowed.

VII. CONCLUSION

We have presented a minimal simplified model of ADM
with momentum-dependent interaction with nucleons,
which resolves some pronounced discrepancies in solar
physics. At the same time, we can also interpret the recent
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diphoton excess at the LHC as due to the resonant
production of one of the scalar mass eigenstates in this
model, which dominantly decays into the asymmetric DM
pair to give a broad resonance. As discussed extensively in
the literature, the decay process into a pair of photons must
involve additional new physics, on top of this simplified
model. In this respect, we have chosen to proceed in a
model-independent way, by parametrizing our results in
terms of the diphoton partial decay width and have shown
in Fig. 3 the preferred parameter space, satisfying the
relevant experimental constraints from monojet and dijet
searches at the LHC, as well as the CMB and perturbativity
constraints.

The model predicts the existence of a new scalar in the
GeV range, interacting with quarks. The existence of such
light scalars is still allowed by low-energy and fixed-target
experiments, and could be potentially tested at the proposed

PHYSICAL REVIEW D 94, 025001 (2016)

SHiP experiment [72] or in future B factories [73].
Moreover, if the 750 GeV resonance persists in the future
analyses with more statistics, the model predictions for
observable monojet, 7, and dijet signals can be used to test
this ADM hypothesis at the LHC. This will be comple-
mentary to the future direct detection prospects of a
momentum-dependent DM interaction with nuclei.
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