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Abstract

We show that loop quantum gravity provides new mechanisms through which observed matter—antimatter asymmetry in the
Universe can naturally arise at temperatures less than GUT scale. This is enabled through the introduction of a new length scale
L, much greater than Planck lengtip)( to obtain semiclassical weave states in the theory. This scale which depends on the
momentum of the particle modifies the dispersion relation for different helicities of fermions and leads to lepton asymmetry.
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1. Introduction Loop quantum gravity which is based on the

guantization of spacetime itself, results in a polymer

like structure of quantum spacetime. The classical
spacetime is a coarse grained form of underlying

discrete quantum spacetime and one of the important
issues in loop quantum gravity is to understand the
transition from discrete quantum spacetime to smooth
classical spacetime. Though the low energy sector of
loop quantum gravity and the transition to the classical
spacetime is yet to be completely understood, there
have been some attempts in this direction to obtain
the semi-classical states in the theory which include
construction of weave states which can approximate
3-metrics [2] and via coherent states which peak
around classical trajectories [3]. For more discussion

Many theories of quantum gravity are expected
to bring non-trivial modifications to the underlying
spacetime near Planck scale. Loop quantum gravity,
which is one of the candidate theories of quantum
gravity, predicts a discrete spectrum for geometrical
operators [1]. However, inaccessibility of Planck scale
in laboratories poses a challenge to test such predic-
tions. It is hence desired that a contact be made with
the classical world through some semi-classical tech-
niques. This might also open a window to see the sig-
natures of quantum gravity at the level of effective the-
ories which may differ from conventional low energy

theories. . .
on related issues we refer the reader to a recent review
[4].
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give minimum dispersion for the observables in the asymmetry is hence highly desirable. The origin of
theory, whereas the weave state approach involves amatter—antimatter asymmetry in the Universe thus re-
new length scal& >> Ip such that for distances« £ mains one of the unsolved puzzles whose resolution
polymer structure of quantum spacetime becomes may be possible through some new aspects of physics
manifest and ford > £ one recovers continuous arising through a fundamental theory. There have been
flat classical geometry. This approach was extended earlier proposals based on quantum gravity framework
to study the construction of weave states describing to generate matter—antimatter asymmetry, like from
gravity coupled to massive spin-d Majorana fields primordial spacetime foam [14], quantum gravity de-
in a series of important papers by Alfaro, Morales- formed uncertainty relations [15] and string based sce-
Técotl, and Urrutia (AMU) [5-7]. This new length  narios [16]. In this Letter, we would like to present
scale modifies the dispersion relation for different another interesting scenario arising out from quan-
helicities of fermions and breaks Lorentz invariance tum gravity through weave states. We would show
in the theory. that weave states of spin-d fields provide a nat-
Apart from loop quantum gravity, deformations ural mechanism to generate matter—antimatter asym-
of the Lorentz invariance manifest by means of a metry at temperatures of the order of reheating tem-
slight deviation from the standard dispersion relations perature of inflation, far below the GUT tempera-
of particles propagating in the vacuum have been ture.
suggested in various ways, see, for example, [8,9].
The modifications to dispersion relation may arise if
the underlying spacetime is non-commutative [10]. 2. Lepton asymmetry in AMU formalism
These theories which are characterized by a non-
commutativity parameter of dimensions of square of  In the weave state approach, the goal is to find a
length, may serve as a description for foamy structure loop state which approximates a classical geometry
of quantum spacetime. Similar modifications have also at a scale much larger thalp. A semi-classical
been studied in the framework of String theory [11, weave state corresponding to Majorana fermions is
12]. These approaches foresee a dispersion relation incharacterized by a scale lengthsuch thatp <« £ <
vacuo of particles of the form (we shall use natural Ap = 1/p, whereip is the de Broglie wavelength
unitsc =1=~n) of the fermion andp its corresponding momentum.
For the Dirac equation with quantum corrections to
E*~ p®+m®+ (M, plp), (1.1) be properly defined on a continuous flat spacetime
where f(x) is a model dependent function fixes arising through weave state construction, it is required
a characteristic scale not necessarily determined bythat the scale lengtl < 1/p [5]. Such a scale is
Planck lengthp ~ 1071° GeV %, andplp <« 1. Asa  known as mobile scale [7] which is different for

consequence of Eq. (1.1), tlygantum gravitational different fermionic species and the upper bound on
medium responds differently to the propagation of L corresponding to the weave state of a particular
particles of different energies. fermion is set by the momentum of that fermion. One

With the breakdown of the Lorentz invariance inthe may also treat this scale as a universal scale and obtain
theory,CPT violation is expected and so new mecha- bounds on it by observations [17—19], however, in this
nisms to generate observed matter—antimatter asym-Letter we would restrict to the case 6fas a mobile
metry in the Universe. The matter—antimatter asym- scale.
metry in the Universe is conventionally understood, The introduction of scal& leads to modifications
for example, through baryogenesis processes occur-in dispersion relation which have been studied in var-
ring at GUT or electroweak scales. However, most of ious interesting contexts [20—22]. Similar phenomena
these conventional mechanisms to generate this asym-have also been studied for photons [6,23,24]. The dis-
metry in standard model or extensions of it run into persion relation with leading order terms/inand £
one or another problem [13], like inflation would sig- can be written as [18]
nificantly dilute the asymmetry produced during GUT 5 5 4 5
era. Any low temperature mechanism to generate this £+ = (1+20)p” +-np™ £ 2xp +m (2.1)
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with

o\ 2
o =K1(ZP> , n = k3lb, A ="5<—

whereki, k3 and ks are of the order of unity. Here
‘+"and ‘—’' refer to two helicity states of the fermion.
We would specialize to the limiting case of Majorana
fermions with vanishingly small mass — 0. In
this way we can treat the fermions as Wey! particles.
We would further neglect? terms in comparison
to other dominating terms in the above dispersion
relation. Thus, the dispersion relation can be rewritten
as

2.2)

E2 = p?+ 2Ap. (2.3)
It should be noted that though the above modifica-
tion to the dispersion relation is of linear in momen-
tum, the correction term effectively behaves as the
one cubic in momentum. This is becau8ds a mo-
bile scale and its upper bound scales @g.1Thus,
the above correction, which is similar to other cu-
bic in momentum maodifications to dispersion rela-
tion [4], dies out rapidly at low momenta. We would
now discuss the implications of this dispersion rela-
tion for the case of neutrinos, where the helicity dis-
persion can be casted in terms of the difference be-
tween energy levels of particle and antiparticle states
which leads to a net difference in their number den-
sities and hence lepton asymmetry in this frame-
work.

Matter—antimatter asymmetry is generally under-
stood through Sakharov conditions who in his sem-
inal paper [25], showed that to generate the non-
zero baryonic number to entropys ~ (2.6-6.2) x
1010 from a baryonic symmetric universe, the fol-
lowing requirements are necessary: (1) baryon num-
ber processes violating in particle interactions; (2)
C and CP violation in order that processes gener-
ating B are more rapid with respect t8; (3) out
of the equilibrium: sinceng = mg, as follows from
CPT symmetry, the equilibrium space phase density
of particles and antiparticles are the same. To main-
tain the number of baryon and antibaryon different,
i.e., ng # ng, the reaction should freeze out before

29

particles and antiparticles achieve the thermodynam-
ical equilibrium.

GUT theories offer an ideal setting for Sakharov’s
conditions to be satisfied [26]. Baryon number viola-
tion occurs in these theories since gauge bosons me-
diate interactions that transform quarks into leptons
and antiquarksC is maximally violated in the electro-
weak sector, an@P violation follows by making the
coupling constants of lepto-quark gauge bosons com-
plex. Finally, out of equilibrium condition is achieved
by the expansion of the universe when the reaction
rates become lower than the Hubble expansion rates
at somefreeze-out temperature. Such a temperature
is characterized by the decoupling temperatiiye
which, in the GUT baryogenesis scenario, is given by
T, ~ 10'® GeV. However, GUT baryogenesis runs into
problems because inflation occurring at similar tem-
perature dilutes the baryon asymmetry. For baryons
to be produced after inflation it is necessary to re-
heat the Universe to the scale gyt which is un-
realistic in inflationary scenarios. In fact, bounds on
gravitino production give the reheating temperature
Tr of the order of 18-10'° GeV [27], whereas in
SUSY inflation models this may be raised ta-d GeV
[28]. Similarly, processes like electroweak baryogen-
esis and leptogenesis suffer from problems like very
small region of parameter space which canyield asym-
metry and lack of direct measurement of relevant pa-
rameters [13].

It is worth to quote some alternative mechanisms
proposed in literature which are not based on quan-
tum gravity. As observed in Refs. [29,30], if tiGPT
symmetry and the baryon number is violated, a baryon
asymmetry could arise in thermal equilibrium. This
mechanism to generate baryon asymmetry has been
applied in different contexts: the spontaneous break-
ing of CPT induced by the coupling of baryon number
current with a scalar field [29]; baryogenesis asym-
metry generated from primordial tensor perturbation
[31] and matter—antimatter asymmetry through inter-
action between gravitational curvature and fermionic
spin [32]. For other mechanisms related to the lepton
asymmetry, see Ref. [33] and reference therein, as well
as Ref. [34].

Inloop quantum gravity, the different dispersion re-
lations of particles having different helicity determines
a deviation from thermal equilibrium between neutri-
nos and antineutrinos,(v) # n(v), wheren(v) and
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n(v) are the number density of positive helicity neu- It vanishes as. = 0.1 Similar results hold for anti-
trinos and negative helicity antineutrinos, respectively. neutrinos:

We would further assume that there are no additional

mechanisms which give rise to neutrino asymmetry.In . 87~ / x(WxP4+z+2)? 1

such a case, the deviation from the chemical equilib— Vx24x 7 X +1

rium, which generates the baryon asymmetry, occurs

only due to loop quantum gravity effects and the ex- (A) o

pansion of the universe. If neutrinos are produced with + () =
energyE, then the dispersion relation (2.3) gives

X
xi g fdxx(\/x2+z+ﬁ)2 1
dz | 2m2 Y24z e +1]

2 2
ES=p°+2hp = p=vVE2+12—), (2.4 22 28)

Thus the net neutrino asymmetry generated via loop
guantum gravity effects would become

n=n)—n®)|

for neutrinos, and

E?=p?—20p = p=vVE2+22+), (2.5) P
Zg)LTZ/ by n gT3]( )
= —F X
for antineutrinos. Note that energy dispersion relation w2 e*+1 ¢
forbids antineutrinos to have € [0, 2A], whereas no 0
such restriction arises for neutrinos. This is purely a _2gAT?[n? 12 >\ (—exp())"
loop quantum gravity effect induced through quantum T x2 |12 + Z
structure of spacetime which seemingly favors one
helicity over another. + == In(l +eX) — } 2.9
The number density of neutrinos at the equilibrium ET (LT)? (2.9)
for a given temperatur® is (forkg = 1) where
2z
x(«/xz +z2-4/2 )2
e ey R I1(2) = (2.10)
n( )—— dxx( V7) . (26) VaZ+z(er+1)
VxZ4z er+1

In evaluatmg (2.9) we have neglected the contribution

coming from thel (z)-term since at low temperatures
wherey =1/(LT),x =E/T,z=(A/T)? T satisfies  with respect to Planck’s one it is expected to be very
the relationT = —HT, andH = a/a, beinga(t) the small compared to other terms. If we note that Ap
scale factor of the universe, [30]. The dot stands for
the derivative with respect to the cosmic time. The
departure from the chemical equilibrium caused by the
expansion of the universe is encoded in the quantity
F =3Hn+ n [30], which turns out to be

1 In absence of loop quantum gravity corrections, the deviation
from the chemical equilibrium occurs only if particles are massive.
In fact, being

gT3 /
e\/x2+(m/T) +1

2
A 3
F) = 2(7) HT the functionF becomes [30]
2 » 2

X _of(m 3d[ g dx

d[ g / x(Vx2+ —ﬁ)z 1 }—_Z(T> HT d)[ e\/x2+v+1:| @7)
X —|—= [ dx .

dz| 272 Vx24 7 eX+1

wherey = (m/T)? and it vanishes a& = 0 [30,35].
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and use the upper bour@i~ 1/p ~ T, wherep is This leads to asymmetry between matter and antimat-
the de Broglie momenta of neutrinos at a particular ter species and yields the observed value at around re-
temperature, we can estimate the neutrino asymmetryheating temperatures. Our proposal introduces a way
arising at that temperature. for generation of matter—antimatter asymmetry via
Near GUT temperaturef ~ 106 GeV, the ratio loop quantum gravity, whose complete analysis would
of neutrino asymmetry to entropy densityn /s (s ~ require relaxing the massless limit and secondly tak-
0.44¢, T3, with g, ~ 107 [26]), turns out to be of ing into account various standard model interactions
the order of 10° which would, however, be washed in unison with loop quantum gravity. Then we shall
out by inflation. Interesting temperatures would be be able to know how the above mechanism to gener-
near reheating temperatufesf the order of 18%- ate matter—antimatter asymmetry contributes relative
10! GeV where this ratio would become of the to other processes. This opens up a new arena to make
order of 10710, At lower temperatures the amount phenomenological studies in loop quantum gravity in
of asymmetry generated would keep on decreasing future.
till it becomes negligible, though the asymmetry It is a remarkable phenomena that quantum struc-
generated at reheating temperature would hold till ture of spacetime itself may generate matter—anti-
the neutrinos finally decouple. This lepton asymmetry matter asymmetry in the universe. In fact, this might
would lead to the baryon asymmetry through various be a generic feature of theories of quantum gravity. It
GUT and electroweak processes and thus contribute toreflects that quantum gravity may lead to effects occur-
the existing mechanisms to produce matter—antimatterring at lower energy scales, specially in the desert be-
asymmetry in the Universe. tween electroweak and Planck scale, which may pro-
vide natural answers to some unsolved problems.

3. Conclusion
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results have been indeed suggested in loop quan-
tum gravity [5,6,24], string theory [11,12] and non-

commutative geometry [10]. The former is endowed References

with a scale length characterizing the scale on which
new effects are non-trivial, thus to wonder if there exist
different scenarios where these effects become testable
(see [17,36]) is certainly of current interest.

In this Letter we have shown that such modifica-
tions induced by loop quantum gravity might help
to put some light on unsolved problems like matter—
antimatter asymmetry in standard model. Application
of weave states for Majorana fermions naturally leads
to difference in energies for different chiralities which
may be interpreted as difference in particle and an-
tiparticle energies for the case of massless neutrinos.

2 In this caser/T ~ Ip/L and the corrections to the neutrino
asymmetry due td (z) term would go as(/p/£)3 which for the
temperature range of b GeV would be of the order of TG4,
Hence, our approximation in Eq. (2.9) is justified.
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