Physics Letters B 834 (2022) 137488

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

L))

Check for
updates

Dark matter candidate from torsion

Alvaro de la Cruz Dombriz *°, Francisco José Maldonado Torralba b.c.d* David F. Mota®©

@ Departamento de Fisica Fundamental, Universidad de Salamanca, E-37008, Salamanca, Spain
b Cosmology and Gravity Group, Department of Mathematics and Applied Mathematics, University of Cape Town, Rondebosch, 7701, Cape Town, South Africa

¢ Institute of Theoretical Astrophysics, University of Oslo, P.O. Box 1029 Blindern, N-0315, Oslo, Norway
d Laboratory of Theoretical Physics, Institute of Physics, University of Tartu, W. Ostwaldi 1, 50411, Tartu, Estonia

ARTICLE INFO ABSTRACT

Article history:

Received 22 March 2022

Received in revised form 30 September
2022

Accepted 3 October 2022

Available online 5 October 2022
Editor: M. Trodden

The stable pseudo-scalar degree of freedom of the quadratic Poincaré Gauge theory of gravity is shown
to be a suitable dark matter candidate. We find the parameter space of the theory which can account for
all the predicted cold dark matter, and constrain such parameters with astrophysical observations.

© 2022 The Author(s). 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

Several cosmological and astrophysical phenomena cannot be
explained resorting to General Relativity (GR) and the matter con-
tent of the Standard Model of Particle Physics (SM). For instance,
the present day accelerated expansion of the Universe [1], and the
rotational curves of galaxies do not fit the GR predictions with
baryonic matter [2]. These problems are solved assuming GR as
the correct gravitational framework and modelling the accelerated
expansion with a new form of energy (dark energy) encoded in a
cosmological constant A [3], and the rotation curves by adding a
new form of matter known as cold dark matter (CDM). The men-
tioned approach suffers from some shortcomings: the theoretical
value of A exceeds the observational value by 120 orders of mag-
nitude [4], and there is no direct nor conclusive evidence of the
CDM particles besides their gravitational effects at astrophysical
scales [5].

Another approach is to investigate if both the accelerated ex-
pansion and the rotation curves can be understood from modifi-
cations of GR. Any Lorentz invariant four-dimensional local modi-
fication of the Einstein-Hilbert action of GR necessarily introduces
new degrees of freedom (d.o.f.s). Then, we can ask if such d.o.fs
can be used to model dark matter and/or dark energy. This line of
thought has been explored in the literature for some modifications
of GR (see [6-8]).

We shall work with the Poincaré Gauge modification of GR.
This theory arises naturally when promoting the global Poincaré
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symmetry to a local one, following the gauge procedure. Then,
the torsion tensor T” ,,, which is the antisymmetric part of the
spacetime connection I'? ), can be identified as the gauge field
strength of spacetime translations T(4). Also, the Riemann tensor
R™ 50 is given as the gauge field strength of the homogeneous
Lorentz group SO (1, 3). As usual in Yang-Mills theories, one can
construct the Lagrangian considering up to quadratic terms in the
field strengths,

Lpce =aoR + a1TypoTH + a3 Ty TPH +asT, TH
—HhR2 +baRyvpo RHVPO bR vp0 RPOHY
-i—b4Ry,v,oaRM'OW7 +b5R,u,lew +b6R/1,vvaL, (1)

which is known as Poincaré Gauge Gravity (PGG) [9,10]. We know
from [11] that, apart from the usual graviton, the matter content of
PGG consists of two massive spin-2, two massive spin-1 and two
spin-0 fields. In [12-14] authors found that the only modes that
could propagate safely were the two spin-0 with different parity.
In this letter we study the pseudo-scalar mode and show that it
behaves like an axion-like particle (ALP). Then, we find the exper-
imental constraints from the interaction of such a mode with the
SM sector. Finally, we give the conditions for which the pseudo-
scalar mode of PGG can describe the predicted CDM density.

2. The pseudo-scalar mode
By considering bs = by + by, bg = —4b;, bs =0, and bg = —4b;

in (1), we get the PGG Lagrangian whose only propagating mode is
the pseudo-scalar,
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.1 1
L:a0R+§m%T2+§m§52+aH2. (2)

Here H = e*"P? R, s is the Holst term [15,16], the * denotes
quantities calculated with respect to the Levi-Civita (LC) connec-
tion, & = —by /4, m2 = —%(2ap —2a; +az —3a3), and m% = 5 (ap —
4q1 — 4a2). Also, T, =TV, and S, = €0 T"P? represent the
trace vector and axial vector of the torsion tensor respectively.

Introducing an auxiliary field &, one rewrites (2) as
L=agR + %m%Tz + %mész —ad? + 20" PI R )y pe - (3)
The massless theory with m% =m2 = 0 and without the $2 poten-
tial was first considered in [17]. Independently, such a theory was
proposed as an extension of GR inspired by Loop Quantum Grav-
ity [18-21], which has been later studied and generalised in the
literature [22-26].

From (3), the effective action of the pseudo-scalar can be con-
structed. First, we need to take into account the couplings to
matter for such a Lagrangian, which in the minimal coupling pre-
scription is just given by the coupling of the axial torsion vector
S, to the axial current of fermions A, [27]. Secondly, by resort-
ing to the field equations for the trace and axial vectors we can
isolate such vectors with respect to the rest of variables. Plugging
that back to (3) we find (see [14] for details):

~ 2
1 (2084 0,)
[,:—(IOR—

5 B L T g’
2 4ag
2 [ms ~ () ]
Due to the characteristic derivative coupling to a current, this
pseudo-scalar d.o.f. ¢ can be identified as an ALP [28].
At tree-level the pseudo-scalar couples to fermionic particles
only through a derivative coupling. When considering quantum
corrections, new interactions arise due to the so-called axial

anomaly [29]. In the case of a curved spacetime, such an anomaly
can be expressed as [30]

(4)

2
e ~ 1
13 — nv
}anomaly = 30772 FEFpy — 38472 Ka, (5)

where e is the electron charge, Fy, denotes the usual electro-
magnetic tensor, FMV = %ewng"" refers to its dual, and Ky =
€"PIR%P | Ryppo is known as the Chern-Pontryagin scalar.

In order to find the couplings of the pseudo-scalar, we first
canonically normalise the Lagrangian by making the transforma-

tion
/ 401(1)
311111115

Depending on the signs of m% and m%, the normalised effective La-
grangian would be different. In all the relevant cases, after having
taken into account the axial anomaly by integrating by parts the
anomalous part of the derivative coupling term in the Lagrangian,
the Lagrangian for the pseudo-scalar becomes

EIN

(6)

3mrms
4
2

3272ms

— H3 (@) AF A, (7)
S

1 . 1 1 2
£¢=§a°R_§8"¢8M¢_E< ) H1 (¢)

1 -
s H2 () Aydud + Hs () F* Fyuy

- H Ky —
38472ms 3@k
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Table 1

Functions involved in Eq. (7) depend on
the sign of m? and m%. The case m% <
O,m% > 0 has not been considered since
it renders the pseudo-scalar to be unsta-
ble [14]. Also, the case m2,m2 < 0 is not
given below since it lacks a well-defined
weak-field limit.

m§ m%>0 m§>0.m%<0
Hi sin ( 20 ) — sinh? (%)
H» cos™ (;fT) cosh™ ( |2¢ I)

my
H ¢
’ f cos( 3 ) cosh( )

where A’N‘ is the non-anomalous part of the axial current. The
meaning of functions Hp » 3 depending on the sign of the {ms, mr}
parameters has been summarised in Table 1. For all the cases pre-
sented in Table 1, the weak field limit ¢ < mr for (7) renders

1 . 1 m2
Lyeak ¢ = anR — 53M¢3M¢ _ ﬁ(bz _

e? ¢
FUVE K
3272m ¢ Fu 38472mg

1 2¢ \?
~om [”(m) }MA“’ ®

which has the form of the usual ALP Lagrangian plus a four-
fermion contact interaction A* A, and the Chern-Simons term /C.
Let us note that for a bounded field ¢ we can always choose a
value of mr such that the weak-field approximation is valid. Fi-
nally, it can be observed that the predicted mass of the ALP given

by the quadratic potential term in (8) is mé = ';Ost

1
—Al)
ms N e

+

3. Experimental constraints

Given those four interactions of the pseudo-scalar with the
SM sector, we can set constraints from experiments. Four differ-
ent kinds of constraints are considered herein: 1) the ones from
the axial-axial interaction, i.e., four-fermion contact interaction, 2)
the ones from the Chern-Pontryagin coupling to the pseudo-scalar
field, 3) the ones deriving from the coupling with the electromag-
netic sector, and 4) the ones from the coupling to the axial current.
Since the weak-field approximation can be met by tuning my, we
shall use such an approximation to set the constraints.

1) The four-fermion contact interaction is constrained by
particle-physics observables that would be affected by the addi-
tion of such an interaction. Paradigmatic examples of such ex-
periments include HERA, LEP, and the Tevatron. We shall use the
constraint set by a global analysis of the results of the aforemen-
tioned experiments in reference [31]. We have focused on those
ones coming from assuming the exchange of purely axial-vector
couplings, which is the case of the contact interaction induced
by torsion. Authors in [31] found that the coefficient regulating
the contact interaction should be lower than 0.055 TeV~2. Since
such a limit must be true for ¢ =0, we can find a lower bound
ms > 0.166 TeV.

2) The Chern-Simons modification of GR is an extension based
on the addition of the Chern-Pontryagin term coupled to a scalar
field [32]. Such a theory is inspired by either the aforementioned
gravitational anomaly, or String Theory, or Loop Quantum Grav-
ity. The fact that the gravitational coupling term induced by the
anomaly is part of a well-known modified gravity theory, allows us
to use the constraints already set in the literature. Such constraints
are based on gravitational-wave measures [33], binary pulsars [34],
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and frame-dragging effects [35]. Nevertheless they are really mild
constraints when compared to the ones already obtained from
the four-fermion contact interaction. In fact, the constraints on
the parameter mediating the interaction, in our case (384mms)~",
are of the order of 10* km, which in natural units translates to
0.507 eV~'. This gives a lower limit on ms of 1.63 meV. Hence, it
is clear that even with near future surveys on the mentioned mea-
sures, the constraints obtained from the contact interaction would
be much stronger.

3) The coupling of ALPs with the electromagnetic sector, i.e.
g¢},y¢F“”I-',w, has motivated most of the experimental searches
for these kinds of particles, since such an interaction predicts the
interconversion with photons in the presence of a background
magnetic field [36]. The effects of this conversion can in principle
be measured by several telescopes and ground-based experiments.
Paradigmatic examples include (see [37]):

Helioscopes: These kinds of constraints are based on the as-
sumption that the ALP is a constituent of our galactic halo. Hence,
the Sun would be able to produce them, and the photons produced
by passing a magnetic field would be detectable on Earth on the
X-ray region. Following this reasoning, the most stringent values
have been provided by the CERN experiment CAST, which gives an
upper bound of the ALP-photon coupling ggy, of 6.6-10711 GeV~!
for a mass mg < 0.02eV.

Haloscopes: These detectors are designed to measure micro-
wave-photon signals from axions in our galactic halo. They are able
to set the best constraints on the microwave range. Some experi-
ments under this classification include RBF-UF, ADMX, HAYSTAC,
CAPP, and for low-mass searches, ABRACADABRA and SHAFT.

Astrophysical measures: here we include the astrophysical ob-
servations that would be affected by ALPs. The study of globular
clusters gives one of the strongest constraints for the large-mass
range. The number count of Horizontal Branch stars (HB), which
can produce axions by the Primakoff process, unlike the red gi-
ants, which are not affected by these losses, gives a bound of
6.6-10~'"1GeV~! to the ALP-photon coupling in a wide mass range
[38]. For small masses, the measure of X-ray sources with Chan-
dra, gives one of the most stringent constraints. Also, the study of
gamma rays from SN 1987A, and the active galactic nuclei of AGN
PKS 2155-304 and NGC 1275 (by the HESS and Fermi-LAT collabo-
rations respectively), gives comparable constraints. Finally, for large
masses the best bounds are given by the spectroscopic observa-
tions of the dwarf spheroidal galaxy Leo T using the MUSE survey,
in order to find ALP radiative decay, and of galaxy clusters Abell
2667 and 2390, using spectra from VIMOS.

A representation of the constraints above and the pertinent ref-
erences to the experiments can be found in [37]. By using the
relation between g4, and msg, it can be easily seen that the limits
imposed on ms in these studies turn to be stronger than the ones
from the four-fermion contact interaction. We represent the ex-
perimental constraints derived from the electromagnetic coupling
in the ms — o parameter space in Fig. 1.

4) The coupling of ALPs to fermions, i.e., gd,ffAﬁB,m, produce
spin flips in a magnetic sample placed inside a static magnetic
field. Such spin flips would then emit radio-frequency photons
that can be detected by a suitable quantum counter in an ultra-
cryogenic environment [39]. Based on this effect, the QUAX exper-
iments have put the strongest constraints on the strength of this
coupling [40]. In particular, a constraint of g4 < 1.66-107>TeV~!
is found for masses in the interval 42.4 — 43.1 ueV. This translates
in a lower limit of 6.02 - 10* TeV for ms for the mentioned ALP
mass range.

Finally, let us focus on ALPs constraints for ultralight and heavy
masses. On the one hand, recent analysis of the Lyman-alpha for-
est searching for suppressed cosmic structure growth, have shown
a lower limit on the mass of ultra-light axions of 2- 10720 eV [41].
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Fig. 1. Exclusion plot in the ms — o parameter space corresponding to constraints
on ALPs based on the coupling to the electromagnetic sector. We only plot values
in the ms > 0.166 TeV region due to the constraints from the four-fermion contact
interaction.

On the other hand, the upper limits on the mass of the particle
are found based on decays to SM particles. Such a decay affects
the abundance of light elements in the Universe, and hence it may
affect the cosmological evolution. The ALP coupling with the elec-
tromagnetic sector allows ALPs to decay into two photons, with a
lifetime [29]

. 4 2775(10_19Tev>4 3 ©
gyy =35 V2 — ) a2
o&oyy ms

If T3y 2 Tuniv» Where Tynyy is the age of the Universe, then
the ALP would be stable for the lifetime of the Universe, hence
not affecting the DM abundance. In the ms — « parameter space,

2

such a condition translates to o > 5.77 - 10% (%) ’ . Otherwise,

the decay of the ALP would affect the cosmological evolution, and
hence constraints can be imposed. In particular, it is found that the
ALPs with the following range of masses and lifetimes are excluded
[29]:

TkeV<my S1GeV, 107*s <1y S10%s. (10)

Such constraints have been translated to the ms — o parameter
space in Fig. 2.

4. Describing CDM

As we have established, the Poincaré Gauge gravity pseudo-
scalar d.o.f. is an ALP. Provided that the experimental constraints
are fulfilled, this predicted particle could serve as a DM candi-
date. Nevertheless, we have to make sure that the early Universe
production of such a particle can account for the DM density mea-
sured by observations [42]. In order to perform the density cal-
culation we assume that the production of the ALP is done via
the misalignment mechanism. This kind of production is assumed
since we have a pseudoscalar with a quadratic potential, which
has been proved to give rise to coherent oscillations in a cos-
mological background [43-45]' Such a mechanism relies on the

1 Moreover, of course the production is subject to the fact that the torsion field
has some non-trivial role by the end of inflation.
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Fig. 2. Exclusion plot in the ms — o parameter space corresponding to the con-
straints on ALPs on the keV-GeV range based on the lifetime of the ALP. We only
plot values in the ms > 0.166 TeV region due to the constraints from the four-
fermion contact interaction.

fact that fields in the early Universe have a random initial state.
After the mass of the particle is comparable to the Hubble param-
eter, the fields respond by attempting to minimise their potential,
hence oscillating around the minimum. These oscillations can be-
have as CDM since their energy density is diluted by the expansion
of the Universe as p ~a~> [46]. After studying the pseudo-scalar
evolution in a Friedman-Lemaitre-Robertson-Walker (FLRW) back-
ground, one can show that the production mechanism starts when
mg ~ 3H (T). Hence, the relation between the Hubble parameter
H and the temperature T in the radiation dominated era can be
used to find the temperature at which the mechanism starts. Thus,
knowing the temperature at which the mechanism begins to take
place Tps, we can calculate the expected density today from this
production as [46]

Q¢h2 —2.542 (Mg ( ®mis ) 8x (Tmis)3/4’ (11)
eV \ 108 eV ) g5 (Tmis)

where g, and g,s are the effective numbers of energy and entropy

d.o.f.s respectively [47]. Moreover, we have taken into account that

in this case the ALP mass is constant, and we have used the value

Pait = 1.053672h% GeV/cm? for the critical density of the Uni-

verse [28].

The most precise value for the CDM density today, Qcpmh? =
0.120 £ 0.001, is given by the Planck Collaboration [42]. Hence,
if we want the ALP to describe the entire dark matter content,
we shall require Q4 = Qcpwm. This implies that the initial value
of the field after inflation imposes a very limited allowed mass
range, and vice versa. Also, the values of my and ¢pis providing
higher densities of dark matter would be of course excluded. These
constraints are represented in Fig. 3. Furthermore, the constraints
on ¢mis would affect the possible values of mr if we require the
weak-field limit approximation to be valid. Such an approximation
requires that mr 2 10 ¢pis. Hence, from Fig. 3 we can infer the
possible values of mr such that the pseudo-scalar accounts for the
whole cold dark matter while the weak-field limit is still applica-
ble.
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Fig. 3. Exclusion plots in the my — ¢mis parameter space corresponding to the con-
straints on ALPs based on the predicted dark matter density from the misalignment
mechanism. The red line represents the allowed values able to account for the
whole dark matter and the yellow region represents the excluded parameter space
by dark matter overproduction. We assume g, and g.s to be: g, =3.363, g.,s =
3.909 for (3a); g« = g«s = 15.25 for (3b); g. = g«s =106.75 for (3c) [47].
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5. Conclusions

In conclusion, we show that the pseudo-scalar mode of Poincaré
Gauge Gravity behaves like an axion-like particle. We find exper-
imental constraints for the free parameters from the interactions
present in the theory. Finally, we provide the conditions for which
the pseudo-scalar mode present in this theory can account for the
entirety of cold dark matter.
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