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ABSTRACT

We report the first calculation of light scattering on heavy dark matter (DM) particles. We show that despite the
fact that DM has no direct coupling to photons, the light-DM(y y) (m L~ 1 TeV) cross-section is non-vanishing,
albeit small. The cross section, calculated within the Standard Model (SM) framework (no BSM extensions),is
particularly large in the case of heavy Weakly Interacting Massive Particles (WIMP). Combined with astrophysical
observation, these results can constrain existing WIMP DM models in favor of lighter DM, M, << Mpj,,, (axions,
composite DM, etc.) or non-weakly interacting pure gravitational DM. We also show that the energy dependence
of light scattering on dark matter should make the DM colored - red in the case of weak-DM and blue for the
gravitational-DM, when a white background light is passing through. Gravitational scattering of light on DM
particles also leads to non-trivial polarization effects, which might be easier to detect than the deflection of light

from the scattering on DM particles, y y — v x.

1. Introduction

The concept of dark matter (DM) has a 100-year history. There are
plenty of astrophysical observations, indicating that ordinary luminous
matter covers only 5 % of the energy balance of our Universe and that we
should have 4 times as much matter, which we cannot observe directly,
matiere obscure. DM best reveals itself in rotational curves of spiral galax-
ies, where Newtonian motions of stars far outside the galactic center give
us information about the gravitational mass of the galaxy which can be
compared to the mass derived from the luminous matter. The disrep-
ancy between the masses derived gravitationally and optically has been
attributed to DM, which produces gravity, but cannot be seen in tele-
scopes. One of the earliest models of the DM, the so-called MACHO’s
(Massive Compact Halo Objects), assumed large populations of heavy
jupiter scale planet systems, forming galactic halos [1]. In recent years,
most variations of such models were discarded [2]. The most prominent
DM candidate is currently the WIMP (weakly interacting massive par-
ticle). The properties of this hypothetical particle are that it does not
interact strongly or electromagnetically, but only weakly and gravita-
tionally [3]. Current constraints from underground DM search experi-
ments limit the spin-independent DM-nucleon scattering cross section
tobe (o/M, <3.7x107*cm?> x M, /1 TeV, for M, > 1 TeV) [4], where
M, is the WIMP mass. Very heavy DM candidates, e.g MACHO’s, are not
restricted in their interactions, but as the DM mass gets lighter there are
stronger constrains on possible interaction probabilities. For DM masses
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of M, ~ 1—10" GeV, that usually implies that DM should not interact
electromagnetically.

In many DM models it is assumed that the absence of a direct
DM-photon vertex implies the inability to probe DM with photons. At
some level it is known that this assumption is incorrect. There are sev-
eral examples, when objects which are forbidden to interact directly
with photons, can still interact indirectly due to various loops: Casimir
effect [5], photon interaction with a standard model Dirac neutrino
through the loop-induced magnetic moment [6], even Higgs boson de-
cay into two photons [7]. The latter case is particularly interesting: the
I'(H - yy) =9.2 keV width is an order of magnitude larger than the
T'(H - utp~) =091 keV, due to Higgs-photon interactions via the W*
and t—quark loops, see Fig. 1.

In this paper we obtain a first calculation of how strong the interac-
tion of photons could be with the DM particles and through comparison
of the predicted effects with astronomical data, obtain constraints on
possible DM candidates. We have tried to minimise the underlying as-
sumptions in our methods and consider two cases: i) when a DM particle
can interact weakly and all of its dynamics are defined by conventional
standard model physics and ii) when a DM particle can interact only
gravitationally. The paper is organised as follows: in Section II we in-
troduce possible weak light-DM scattering processes and calculate their
probabilities; in Section III we introduce gravitational light-DM scat-
tering; in Section IV we show results and confront them with existing
observational constrains.
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(b)

Fig. 1. All possible diagrams for dark matter-photon scattering propagated by
the Higgs boson and Graviton in the unitary gauge.

2. Weak interactions

Since the introduction of weak interaction theory by Weinberg and
Salam [8] people hypothesised about possible extensions beyond the
Standard Model. In recent years there were plenty of other experiments
aiming to discover physics beyond the standard model [9], but no SM
violations were discovered so far. Guided by these findings, we assume
that any heavy weakly interacting DM particle should interact within
the framework of the current Standard Model (not considering any BSM
extensions), without introduction of any additional forces, fields or con-
servation laws. In this paradigm one can still introduce a WIMP, e.g. in
the form of a very heavy 4th generation neutrino [10], a right-handed
neutrino [11] or, indeed, any stable DM fermion. In any of these cases
a fermionic DM particle would necessarily get its mass through the
Yukawa coupling with the Higgs boson. In this scenario, DM would un-
avoidably interact with light, since DM must interact with the Higgs
boson, and the Higgs can decay into two photons. On a diagrammatic
level, this process is expressed in Fig. 1(a) and (b), in the unitary gauge.!

Following the approach of H — yy calculations from Ref. [7], the
DM-photon scattering matrix element can be expressed as:

iM =My +iMy )

where iMy and iM,, are the matrix elements of processes involving
the fermion and W-loop respectively. Only the top quark is considered
for the fermion loop, as the other particles are too light to contribute to
the cross section significantly. The full matrix element integrated over
Feynman parameters after dimensional regularization is given by:

iM=

agy s
8””';0 ((ky - k)" = kyky)ey (ke (k)

1

8w )
() 5——m u(p)I[N Q7 1 + Iy ) (2)
t—mi{ +imyly : 2my, ¥ ! A

where « is the fine structure constant, g,, is the weak W-boson coupling
constant and m,, is the mass of the W-boson. ki, €, and k,, €, are the
4-vectors and polarization vectors of outgoing and incoming photons
respectively. my and I'y; are the mass and the width of Higgs, N, is the
number of quark colours, O is the charge of the quark depending on
its flavour and m,, is the mass of the dark matter particle. ¢ has the stan-
dard definition of the Mandelstam variable, and the u stands for a Dirac
spinor. The terms I and Iy, which come from Feynman parameter
integrals, are given by:

Ir(p) =20+ 1 - f(B) 3)
Iy () =2+ 38 +326 — fHf(B) (C)]
where f(p) is defined as:
arcsin?(p~1/2), ifp>1,
fp) = 5)
-1 tg —inl?, ifp< 1.

B is p = 4m? /1 for the W-boson loop, and § = 4m,2 /1 for the top quark
loop.

! The calculations in this work are performed in the unitary gauge to avoid
ghost and Goldstone boson loops.
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Fig. 2. Angular(left) and Energy(right) dependence of the differential cross sec-
tion for photons scattering on M, = 1 TeV WIMP dark matter particles for fixed
photon energies of 1 GeV(blue solid), 50 GeV(violet long-dash), 500 GeV(red
dash-dot-dot) and 800 GeV(pink short-dash) and fixed photon angles 10 deg
(blue solid), 60 deg (red dash-dot-dot), 90 deg(violate long-dash) and 180 deg
(pink short dash). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
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Fig. 3. Differential cross-sections for photons scattered on 1 TeV WIMP dark
matter particles as a function of photon energy(x-axis) and scattering photon
angle (y-axis).

From the square of the full matrix element,? one can obtain the differen-
tial cross section by multiplying it by the relevant flux and phase-space
terms:>

I,+N.Q 17
6472 s

2 o2 — !
do _ a‘gy 32 m,Qm—3)
dQ  (@nymi 4 (t—m2) +m3 T2

(6)

where s is the Mandelstam variable.

There are a few things worth noting at this stage.

« The cross section for y y scattering rises approximately as o(y y) ~
Ey2 with the photon energy (for the lower energy photons) reaching a
maximum when the loop particles are on their mass shell, Fig. 3.

» The propagators (and therefore cross section) for low energy pho-
tons are larger for scattering in more backward angular regions, Fig. 3,
meaning white light will become reddish while passing through DM due
to the stronger filtering out of higher energy violet photons.

« The scattering cross section is proportional to the mass of DM par-
ticle squared, o(y y) ~ MJZ(, where the y number density scalesas 1/M .
The rate of y y interactions therefore scales linearly with the DM mass,
imposing "non-observation" upper limits on WIMPZilla [12] type parti-
cles.

» A negative interference between the W and the r—quark terms,
Fig. 4, leads to non-trivial energy/angular dependence patterns, seen
in Fig. 2, most notably as a dip for back-scattered photons at around
E, ~ 450 GeV.

« For a rather standard M, ~ 1 TeV, the o(y y) ~ 100 fb cross section
is reasonably large, Fig. 4, compare to a typical weak cross-sections, e.g.
o(vp) ~10fbat T, ~ 1 TeV [13].

2 Since the Higgs is a scalar particle, there is no polarization information trans-
ferred: we can expect the H y y vertex to decouple from the Hyy vertex, which
makes it easier to obtain the square of the matrix element.

3 Full derivation of scattering cross-section calculations can be found in sup-
plemental materials.
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Fig. 4. The total y y scattering cross section alongside with the individual con-
tributions from fermion and W loops for the M, = 1 TeV.

3. Gravitational interactions

We have been using gravitational lensing to observe DM clumps from
gravity-photon interaction, but much less is known for the single y y scat-
tering case. There is a large class of DM models, where DM can inter-
act only gravitationally. But even in this ultimate case one cannot avoid
complete photo-blindness from DM particles. In this letter we have tried
to evaluate the y y interaction with a simple perturbative treatment. As
expected, we have found a non-zero probability for light to scatter from
the DM particles, even for particles which only interact gravitationally.

Perturbative Quantum Gravity (PQG) is a formalism which treats
the force of gravity as an Effective Field Theory. In the low-energy,
weak field limit, PQG is generally considered a good approximation for a
quantum theory of gravity, see Ref. [14] for a review. Instead of working
with the highly non-linear field equations of GR, we approximate grav-
ity as a linear theory. Linearized general relativity does not pose the
same renormalization issues as traditional GR, and thus PQG provides
a framework to model quantum effects of gravity, in the low energy
limit. In GR (see Ref. [15]), space-time is described using a curved met-
ric g, The extent of the curvature at a point on the metric corresponds
to the strength of the gravitational field at that location. Whereas GR
allows for extremely large integrated curvature (eg. near a singularity),
PGQ only allows for small perturbations from the flat space-time met-
ric. More precisely, we assume that that g,, = 5, + xh,,, where 5, is
the flat Minkowski metric, « is a constant, and h,, is the perturbation
from the flat metric, ##¥. This linear perturbation represents the effect
of gravity as seen by the metric.

In our calculations we follow the prescription from Ref. [16] and use
the interaction Lagrangian of the form

L = —%naﬂh“ﬂaﬂAvaﬂAv + %na,,h“ﬁa,,AvaVA/‘
— SHY0, A0 A+ THVO,A,0° A, + SH0, 4,0, A7
- gh’”ﬁpAuavA” )
Where « is a constant, and A* is the electromagnetic four-potential
vector. Within this framework it is then only a matter of applying Feyn-

man Rules. Weinberg [17,18] to calculate each yyG vertex [19,20]. This
yields 10 terms as follows:

Vi ko = 5 lky ko nP = 0P — o) + Pkl ks

2
)

+n*PkkG —n

LA ®

B p_ B BopP P B
PRIKE = (0" kSK + 0P kKD + PP KT KE

where k denotes relativistic momentum, and the subscripts 1 and 2 cor-
respond to the incoming and outgoing particles respectively, similar to
Ref. [21].

We consider the diagram on Fig. 1(c) for the photon scattering on a
dark matter particle, assuming the simplest possible case when the DM
is scalar, which is true for many gravitational-DM models.

Physics Letters B 870 (2025) 139920

= T
{J L
£ 0.8F
S i
) 0.6
© L
0.4
0.2 )

m .

03 . 1

cos(0)

Fig. 5. The differential y y scattering cross section via gravitational interaction
for the M, = 10'? GeV as a function of photon scattering angle for two photon
polarisations. (Note the 10> scale).

We choose basis vectors for the photon polarisation [22], ell with
the plane spanned by incoming and outgoing photons, and the other
vector, e, as orthogonal to this scattering plane. Following Ref. [23],
the matrix element can be written as:

254K, + P, — K| — P)

2 0 g0 p0 p0
4(2r) \/K1 KZPI P2

4 2 2 a_ gl
m~{(e(pKa—eK)(eK —eK))

(Ky, B,|M|K;, P) =

4 W(e 2K} — S K2)(e] K — P Kk®)

[p(f pg) m?67° 9)

where Greek indices represent components of 4-vectors and the numbers
1,2 correspond to initial and final particles respectively, K,, K, denote
the 4-momentum of the initial and final photon respectively, and P, P,
denote that of the initial and final scalar particles in the center-of-mass
(CMS) frame. The quantity A = \/8zG governs the strength of the grav-
itational interaction and 67 is the usual Kronecker delta and A, B,
denotes symmetrization with respect to the indices p and o.

Eq. (9) above leads us to the polarization-dependent differential
cross sections,* see Fig. 5

dQ " 16(2x)2P2(1 — cosf)?
do;; %K+ P)*cos?0
dQ 16(27)2 P2(1 — cosH)?

doy MK + P)*

(10)

Where K and P are the energies of the photon and dark matter re-
spectively. It is easy to see that the coefficient of the differential cross
section is proportional to G? and (assuming that the mass of the DM
particle is much larger than the photon energy). In our weak field ap-
proximation, we should consider only small P, and thus, we expect very
small cross sections in reasonable scattering scenarios.

There are a few things worth noting about gravitational results as
well.

« The cross section for y y scattering rises approximately as o(y y) ~
Ey2 with the photon energy, similar to WIMP case, since we only consider
small P.

« The cross-section is continuously rising and shows little structure,
in contrast to the WIMP case.

» To maximise the propagator, low energy photons have to scatter
forwards, Fig. 5. Combined with the ~ Ef energy dependence gives ex-
pectation of a white light source becoming more bluish. This picture is
in stark contrast to the WIMP case and indicates that light scattering by
DM may offer sensitivities to the nature of the DM particles.

4 Full derivation of scattering cross-section calculations can be found in sup-
plemental materials.
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article.).

« The cross-section is roughly proportional to the mass of DM parti-
cles squared, o(y y) ~ M )2{ Very similar to the WIMP results. Since some
of the objects, like quantum black holes [24], can be really heavy it may
impose an upper limit on such DM models: if we are considering very
heavy gravitationally interacting DM particles, the non-detection of this
process, y y — v x, can impose limits on how heavy the particles can be.
The current upper limit is 5M, [25,26] However, this limit is likely to
be weaker than the astrophysical microlensing constrains [27].

« Large angle scattering leads to non-trivial polarization dependence,
Fig. 5. Since the cross-section is small, it is highly unlikely that we will
be able to measure flux alteration due to y y gravitational scattering in
the foreseeable future. However, polarisation effects may offer different
(improved by ~ 100 orders of magnitude) measurement sensitivities and
systematics compared to flux measurements.®

4. Results

After calculating the cross sections, one can check if the effect of
light scattering on DM is detectable and which constrains on DM mass
it can impose. To evaluate this, we have assumed that we have a smooth
photon flux coming from the centre of our galaxy and that a DM density
distribution follow the NFW profile [28]. Under such assumptions, the
light travelling from the centre of galaxy to the Earth will encounter
additional scattering on DM leading to a dip in the measured photon
flux spectrum, Fig. 6. By taking the measured photon flux from Fermi-
LAT [29] we can perform a fit, constraining the maximum possible dip
depth, which is consistent with the data, and extract the upper limit
for the M, <5.0- 10" GeV. On Fig. 6 we show the extracted smooth
photon flux background from the fit including a DM component (pink
dashed), compared to a fit where the scattering on a DM is also allowed
(blue solid). We have also demonstrated the exaggerated version of a
fit where we forced it to go through the E, = 175 GeV data point to
emphasize the effect.®

While the upper limit for the M, is quite high, ~ Plank mass, it is
still within WIMPZilla’s mass range [12,30].

5 Polarisation effects depends on amplitude linearly, while flux depends
quadratically

 The unaffected photon flux was assumed to be a smooth function described
by splines. The shape of the unaffected photon flux was chosen to be the same
for both normal and forced fits.
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It is worth noting that the upper limit for the M, in this assumption
is solely dependent on the accuracy of the experimental data for the
photon spectrum with the large quoted error at o(E, = 175 GeV)= 10%
for a ~ 100 GeV bin being the limiting factor. It is anticipated that data
with greatly improved accuracy will become available for future analy-
sis [31].

Stronger upper limits can be achieved if we would consider extra-
galactical sources of high-energy photons. For the most distant galax-
ies,” the moderate M, = 10% GeV would lead to a 10% attenuation of
flux due to light interaction with the weak DM.® Deriving constraints
from this method, however, would require a precise sky survey with
a well benchmarked light source and incorporation of detailed and ac-
curate DM density distributions for the luminosity evaluations of each
light source.

5. Summary

We have performed calculations of light-DM, yy scattering under
two scenarios, when DM is due to a weakly interacting particle which
behaves within a standard model paradigm and when DM is a purely
gravitational object. For the low energy photons, the energy dependence
of the cross-section is very similar, but the angular dependences have
different behaviours. The light tends to scatter more backward in the
weak case and more forward in the gravitational case - colouring DM-
skies in red or blue respectively. The energy dependences of the cross-
sections also show differences for the two scenarios. In addition, it is
shown that photon scattering on DM via graviton exchange may lead to
very non-trivial polarisation effects, making it possible to discriminate
these two possibilities with future experiments. The work motivates ef-
forts to better determine absolute flux measurements for high energy
gammas passing through dense dark matter regions in future experi-
ments, which would offer new routes to set upper limits on heavy WIMP
(WIMPZilla) dark matter scenarios.
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