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1 Introduction

Recently, we presented a new mechanism [1] for generating matter-antimatter asymmetry
in the Universe by exposing a deeper connection between matter, antimatter and gravity.
Our central finding was that at the quantum loop level, matter and antimatter propagate
differently in the presence of gravity when C and CP are violated — a phenomenon we
showed to be forbidden in flat space by translation invariance and CPT. This leads to a
difference in the dispersion relations for matter and antimatter, which manifests itself in
the form of a chemical potential for baryons or leptons in an effective action, and leads
to a mechanism for generating the baryon asymmetry of the Universe without invoking
out-of-equilibrium decays of heavy BSM particles. In this paper, we explain these ideas in
greater detail and give an extended account of the calculations which underlie them.

This mechanism — radiatively-induced gravitational (baryo) leptogenesis — is very
general, and relies only on the breaking of three symmetries: C, CP and spacetime trans-
lation invariance. This is realised in a cosmological setting by the Hubble expansion of
the Universe, which provides the time-dependent dynamics necessary to produce a matter-
antimatter asymmetry. Consequently, many flat space BSM theories of baryogenesis and
leptogenesis, which by virtue of the Sakharov conditions [2] must violate C and CP, will



naturally exhibit our mechanism when minimally coupled to gravity, without the need to
add new fundamental interactions. Moreover, and remarkably for an intrinsically quan-
tum field theoretic effect in curved spacetime, it is strong enough to generate the observed
baryon-to-photon ratio of the Universe.

In the remainder of this section, we introduce the key ideas of our mechanism in the
context of leptogenesis, illustrated in the popular ‘see-saw’ model [3] in which heavy sterile
neutrinos are introduced to provide masses for the SM neutrinos. We contrast the way in
which leptogenesis arises in this model through the coupling of quantum loops involving
virtual sterile neutrinos to the cosmological gravitational field with the conventional mech-
anism, where the lepton asymmetry arises from the decays of on-shell sterile neutrinos as
they fall out of equilibrium as the Universe cools.

After this overview, we describe our approach in detail from first principles, beginning
in section 2, where we discuss radiative corrections to matter and antimatter propagation
in flat and curved backgrounds. Here, we demonstrate that when C and CP are violated,
the breaking of translational invariance by gravity leads to a difference in the propagation
of matter and antimatter. We also provide a simple proof, at the level of both S-matrix
elements and correlators, that CPT and translation invariance prevent this situation in flat
space.

In section 3 we study the effective field theory generated by these propagators. We
show that when we integrate out the heavy degrees of freedom to construct a low energy
effective Lagrangian, distinct matter and antimatter propagation generates a C and CP
violating operator coupling the lepton current to the derivative of the Ricci scalar. In
isotropic cosmologies, this operator leads to a chemical potential between leptons and
antileptons, generating a lepton asymmetry driven by the expansion of the Universe. Since
CP violation in the see-saw model arises first at fourth order in the complex coupling
between the light and sterile neutrinos, the asymmetry is generated by two-loop Feynman
diagrams contributing to the lepton self-energy. The evaluation of the relevant Feynman
diagrams is presented in section 4, where we study in detail how our effect is enhanced by
increasing the hierarchy of sterile neutrino masses.

The implications for leptogenesis in the early Universe are discussed briefly in section 5,
where we evaluate the quasi-equilibrium lepton asymmetry in a radiation-dominated FRW
universe and show that this may be sufficiently large to play an important role in deter-
mining the observed baryon-to-photon ratio of the Universe.

1.1 The mechanism

Although our mechanism is very general, for clarity we illustrate it in this paper within a
particular model — the see-saw model, first proposed as a means of obtaining a baryon
asymmetry via leptogenesis by Fukugita and Yanagida [3]. The corresponding minimally
coupled Lagrangian is given by

_ _ 1—
L=Lgw+ =g |NiDN + NialiéNo + §(NC) MN +hec.|. (1.1)



where /—g is the square root of the metric determinant, and D is the spinor covari-
ant derivative. In this model, ¢; (i = e, u,7) are the light, left-handed lepton doublets
and ¢ is the Higgs field! which couples to heavy right-handed sterile neutrinos N, with
non-degenerate masses M, (a = 1,...n). Crucially, the Yukawa couplings \;, contain
irremovable complex phases, providing a source of C and CP violation. The first Sakharov
condition is realised in two parts: the Yukawa interaction violates lepton number by one
unit, allowing the creation of matter-antimatter asymmetry in the lepton sector. This is
then converted to a baryon asymmetry of the same magnitude via sphaleron processes [4, 5],
which are in equilibrium at high temperatures in the early Universe.

We note also at this point that that the Majorana mass term for the heavy neutrinos
gives two classes of propagators, charge-violating propagators SX(z, ") = (N(xz)N¢(x'))
and charge-conserving propagators S, (z,2') = (Nu ()N (z')), where the C script denotes
the Dirac charge conjugate. All diagrams can be expressed in terms of this basis of sterile
neutrino propagators. In flat space, translation invariance allows us to write them in
momentum space as

Solt) = i SE) = (1.2

We now describe how the third Sakharov condition, namely a departure from equilib-
rium, is satisfied in the traditional sterile neutrino decay scenario, and then how leptogen-
esis is realised in our own mechanism.

Leptogenesis from heavy neutrino decays. The traditional leptogenesis model ne-
glects gravitational effects in the Lagrangian, with all relevant amplitudes calculated in
flat space. In the simplest leptogenesis scenario [3, 6-8|, one assumes a thermal initial
abundance of sterile neutrinos.? At early times, when the temperature is sufficiently high
(T 2 M), decays N1 — ¢ and inverse decays ¢f — Nj are in equilibrium and the sterile
neutrinos remain thermalised with relativistic number densities. However, as the temper-
ature drops to T' < My, the inverse decays are Boltzmann suppressed by a factor e~ Mi/T
and become inefficient. For a short time, this leaves the sterile neutrinos slightly over-
abundant compared to their non-relativistic equilibrium distribution, until eventually they
decay. This is the out-of-equilibrium process necessary to satisfy the Sakharov condition
and allow leptogenesis.

An interference between the tree-level and one-loop decay amplitudes shown in figure 1
gives a difference in the production rates of leptons and antileptons at the time of the heavy
decays, as characterised by the well-known quantity [7]

o (N2 [ (M2 (M3
fa = _8”; (Au)aaﬂ [f <Mg> e (Mgﬂ ’ 3

In this notation, the Higgs doublet ¢ appearing in the SM lepton sector is related by ¢* = e**¢ .
2There are other scenarios [8] for the initial state of the sterile neutrinos, but in all cases, the lepton
asymmetry is generated when they depart from their equilibrium distribution.



Figure 1. Flat space diagrams contributing to out-of-equilibrium decays. The second and third
diagrams give f(x) and g(x) respectively.

Figure 2. Curved space two-loop self-energies which contribute to radiatively-induced gravitational
leptogenesis.

where

f(x)=ﬁ<1—(1+m)ln<1:x>>,
g(x) = VT

C1l—z

(1.4)

In this way, a lepton asymmetry is generated at the point when the sterile neutrinos fall
out of equilibrium.

Leptogenesis from radiatively-induced gravitational couplings. In our scenario,
the time-dependent dynamics necessary to distinguish the dispersion relations for leptons
and antileptons and induce the matter-antimatter asymmetry arises from the expansion
of the Universe itself, through the gravitational coupling to the virtual self-energy cloud
screening the leptons at the quantum loop level. Here, the heavy sterile neutrinos play an
altogether different role. Rather than generating the lepton number asymmetry through
their out-of-equilibrium decays, they contribute to our mechanism only as virtual particles
mediating the propagation of the light leptons, as shown by the diagrams in figure 2. The
propagators in these self-energy diagrams are the appropriate curved space Green functions
(see, e.g., ref. [1]) derived from the minimally-coupled Lagrangian (1.1). Crucially, the
introduction of a scale associated with the mass of the virtual particles in the loops allows
a direct coupling to the curvature, which violates the strong equivalence principle and
allows the leptons and antileptons to propagate differently.

When the heavy sterile neutrinos are integrated out from the Lagrangian (1.1), these
self-energy diagrams produce the following C and CP violating operator in the low-energy
effective action:

o [\ dia A A
SN, M, Tiags (1.5)
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where the loop factor I,g = I(Ma, Mg), which we shall discuss at length in subsequent
sections, is a function of the two sterile neutrino masses M, and Mp in the loop. In
a homogeneous and isotropic universe, the spatial derivatives of R vanish, leading to a
chemical potential for each lepton generation of the form

b
T [\ Mo A Ava
3MaM,8 [a8]

My = R Z
a,B,j

(1.6)

This changes the equilibrium distributions of leptons and antileptons and, after summing
over lepton generations, we get a total lepton asymmetry?>

T2, - T [(AINZ]

SR L ) Y Sy 1.7
LT 6 ; 3M, My P (L.7)

Previously, C and CP violating operators of this kind have been added by hand [10-
15], with the assumption that they may arise from a complete theory of gravity. However,
without an obvious source of C and CP violation in the underlying theory, it remains
unclear how these operators would actually arise in an effective theory of quantum gravity,
and with what magnitude. Instead, we demonstrate here how they are generated in a
simple and elegant fashion directly from loop effects in a BSM quantum field theory in
curved spacetime. Furthermore, we have a readily accountable source of CP violation from
the Yukawa couplings.

We will describe this effect in great detail in the remainder of this paper, but for now,
we emphasise three crucial radiatively-induced effects which allow the realisation of our
mechanism and the generation of the operator (1.5).

1. Asin the traditional scenario, it is only at the loop level that one becomes sensitive to
the complex phases of the Yukawa couplings, so that C and CP violating operators
such as (1.5) are only produced above some minimum number of loops needed to
expose the CP violation.

2. The operator (1.5) manifestly violates the strong equivalence principle (SEP), al-
lowing a distinction between the gravitational effect on different particles. Minimal
coupling of the Lagrangian ensures that at tree level, the SEP still holds. However,
at the loop level, the insertion of curved space propagators in figure 2 means that
virtual particles probe the details of the background, causing the leptons to become
sensitive to curvature effects. As a result, even in an inertial frame, radiative ef-
fects force the particle to become sensitive to curvature, permitting the existence of
SEP violating operators (1.5). The interpretation of this effect is that the screening
cloud causes the lepton to acquire an effective size and experience tidal forces, re-
alised by couplings of various curvature tensors to the lepton fields in the effective
action, such as (1.5). Together with C and CP violation, this SEP-violating effect
also distinguishes between the leptons and antileptons.

3See, for example, [9] appendix C for a compendium of useful formulae for number and energy densities
for particles of different statistics in thermal equilibrium.
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Figure 3. A schematic drawing illustrating how the lepton becomes sensitive both to CP violation
and to the time-dependent nature of the background at the loop level.

3. In one form or another, time dependence of the dynamics is a necessary ingredient in
any mechanism for producing a matter-antimatter asymmetry. In the sterile neutrino
decay mechanism, this is realised according to the conventional Sakharov condition
by a non-equilibrium process. In contrast, gravitational leptogenesis introduces time
dependence through the coupling to an evolving background gravitational field [10].
The novel feature of our mechanism is that this sensitivity to the background arises
dynamically, through explicitly quantum field theoretic effects occurring naturally
at loop level. This elucidates why the operator (1.5) responsible for the matter-
antimatter asymmetry depends on the non-vanishing of the time derivative of the
curvature. In this sense, the leptons inherit the time-dependent dynamics of the
background. This is illustrated schematically in figure 3.

Having highlighted some of the key similarities and differences between the traditional
mechanism and our new approach, as embodied by the formulae (1.3) and (1.7) respectively,
we spend the remainder of this paper examining in greater detail the origin of our effect,
beginning with a discussion of propagation.

2 DMatter-antimatter propagation in flat and curved spacetime

We begin with the following motivation, namely that the operator (1.5) causes a splitting in
the spectra of matter and antimatter. Consider a quasi-plane wave solution for the lepton
field £(z) = u(z)e "®®) so that the momentum of the particle is given by p, = 9,0. As
discussed in [16], when an operator of the form bd,Rj", coupling the derivative of the
Ricci scalar to the lepton current, is added to the Dirac action, it gives different dispersion
relations for particles and antiparticles. To see this, note that the modified equations of



motion
iDL+ bORY =0,  ipl°—bP,Ry" =0 (2.1)

are solved in the context of the eikonal approximation [16] by
0 ~ u(x)e (ObR) ¢ ~ v(x)e (OFPR) (2.2)
leading to the dispersion relations
(p. £b3,R)* =0, (2.3)

for the leptons and antileptons respectively. This causes a difference of energies between
matter and antimatter — a picture which is consistent with the interpretation (1.6) of (1.5)
as a chemical potential, which also corresponds to an energy-cost difference between par-
ticles and antiparticles.

We see then that the existence of this operator in an effective action necessarily implies
that matter and antimatter propagate differently through the gravitational medium. This
motivates the first step in the description of our mechanism, which involves a study of the
propagation of matter and antimatter in flat and curved backgrounds.

2.1 Propagation in translation invariant backgrounds

In this section, we show, in two different ways, that matter and antimatter must propagate
identically in translation invariant backgrounds. First, consider the transition amplitude
for a particle to propagate between x and x':

fs(@' 2) = (P(), sl (@), ) - (2.4)

Here, ¢(2') and ¢ (z) denote a particle at  and ', and s labels helicity (spin) for massless
(massive) particles. The corresponding amplitude for antiparticles is

fi@ @) = (@), s[v (), ) , (2.5)

where the C' superscript denotes charge conjugate states. CPT symmetry is realised by an
anti-unitary operator © in such a way that the inner product, represented by the bracket
notation, is preserved under the action of © on each argument, together with an overall
complex conjugation [17], i.e.,

(W(a'), sle(x), s) = { (¥ (), 5| ©) (O¥(z), 5))} " (2.6)

Since s is odd under CPT, we have O |¢(z),s) = |[¢°(—z), —s), and so, after complex
conjugating, we get

(¥(), slp(x), 5) = (°(—x), =s|y(=a’), =s) = f2(—2, =), (2.7)

where in the rhs, we used the definition (2.5). Finally, we invoke translation symmetry
which implies f¢ (2/,z) = f¢ (2’ — x), i.e., the transition amplitudes are functions of the



relative position of the two points. This means that f¢ (2/,z) = f¢,(—x,—2') and hence,
from (2.7), that

fs(@' x) = f (2, x), (2.8)

establishing that the transition amplitude for a particle with spin/helicity s to go from x
to ', is the same as the transition amplitude for an antiparticle with spin/helicity —s to
go from x to z'.

This is precisely the relevant statement for leptogenesis, since neutrinos (antineutrinos)
have positive (negative) helicity, and shows that neutrinos and antineutrinos propagate
identically in translation invariant backgrounds. Similarly, for massive particles, this would
mean that spin up (down) particles propagate the same as spin down (up) antiparticles
respectively, so that, averaging over spins, there is no difference in propagation. Notice the
result (2.8) is non-perturbative and holds generically in any theory satisfying translation
invariance.

We now demonstrate this result explicitly in the see-saw model at the correlator level by
studying the lepton and antilepton propagators (including radiative corrections) given by

Sw(a',2") = (La(2)l(2)),  Sg(a’,x) = (€5 (2")E(2)) (2.9)
where the charge conjugate is given by ¢ = C(/)T and (¢ = —¢TC~!, and the matrix
C satisfies C (’y“)T C—! = —~*. As before, remembering that the Dirac bra-ket notion

represents an inner product, the action of CPT on the propagator is

Sap(@',x) = (La(a )0 (2))
= ((64,(z")071) (84 (x)071))", (2.10)

where

0Ot =007 (—z)  OUx")OT = Fe(—2')CsyP. (2.11)
After performing the overall complex conjugation and, with a little algebra, we arrive at
Sz’ x) = y5C[8(—z, —2' )T C s . (2.12)

As before, translation symmetry allows us to write S¢(a’,z) = S°(2/ — z) and permits a
momentum space representation

S0) = [ 2 st 21

Furthermore, by Lorentz symmetry we must have

5°(p) = A(p*)p + B(p*), (2.14)

for some functions A and B, which in general will depend also on A, M, and Mg for
the full propagator. Inserting (2.14) and (2.13) into (2.9), we find, after a little matrix
manipulation, that

S(z',z) = S/, ). (2.15)
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Figure 5. Two loop diagrams in curved space which give X(z/, z) — ¥°(2’, x) # 0.

This reproduces the same result (2.8) at the level of correlators, showing that translational
invariance forbids a difference in lepton and antilepton propagators. Notice that at the
correlator level, spin seems not to enter the proof. This is because, although spin is
exchanged under CPT, the field operator is a superposition over spin states, so that the
flip in spin becomes absorbed into this sum.

As a consequence of the above results, there can be no asymmetric propagation of
matter and antimatter in flat space. Conversely, when we relax the constraint of translation
invariance, as happens in general gravitational backgrounds, we should expect to see a
difference in the propagation of matter and antimatter.

2.2 Propagation in curved backgrounds

As discussed in section 1.1, loop effects lead to a violation of the SEP, which forces lepton
propagators to become sensitive to a breaking of translational invariance by the back-
ground. Of course, to have a difference in the propagation of leptons and antileptons, it is
necessary also to break C and CP violation, which is achieved via the complex phases in
Aia. We now demonstrate explicitly that when these three symmetries are broken, there
is a difference in the propagation of matter and antimatter. We study this in terms of
the self-energies X(2/, x) and 3¢(2’, x) associated to the lepton and antilepton propagators
of (2.9).
At one loop (see figure 4), we immediately see X(2/, ) — X¢(2/, 2) = 0, with
Y2, z) = 35(2, x) Z)\T Nin G2, 2)So (2, ), (2.16)

o

since the couplings occur only in the combination ()\T)\)ij for which the diagonal elements
are manifestly real.

However, at two loops, there are two diagrams (figure 5) which give non-zero contribu-
tions to X(a/, x) —3¢(a’, ). For instance, in the case of the charge-violating heavy neutrino



propagators (see section 1.1), the diagram on the left gives

Y2, z) — 35(a', 1)

= Z 2¢Im [)‘Lz’)‘iaATﬁj)‘j@} G(x/’x) /ddy/ddz G(y, Z)S[Z({L'/’y)Sj(y,Z)S;»](va)7
a,B,j
(2.17)

while the one on the right yields
(2, z) — X5(2', 1)

= Z 2iIm [)‘2i)‘ia>‘/];’j)‘ja} /ddy/ddz G(y, g:’)G(x,Z)S[Z(x’,y)Sj(y, z)Sg](z,az) .
a757‘j
(2.18)

Notice that we have antisymmetrised over o and ( in the integral since Im [)\Tﬁi)\ia)\g jAja}
is antisymmetric in «, 3.

For the other type of heavy neutrino propagator, only the first diagram exists (due to
SU(2)r, charge considerations) and it has a different Yukawa index structure:

Y2, z) — 35(2, x)

— 3" 2ilm [A}%Amxgjxjﬁ} G ) / ddy / 0z Gy, 2) (e, 1), (4, 2)S (2 ).
a,B,j
(2.19)
As we see later, however, this does not contribute to the overall lepton number asymmetry.

It is now clear that egs. (2.17), (2.18) and (2.19) are non-vanishing in curved spacetime.
We see, therefore, that at two loops, leptons and antileptons propagate differently, due to
a breaking of translation invariance by a general background, which is probed by curved-
space Green functions, Sj(z,y), G(z,y) and S, (z,y). In diagrammatic terms, this is how
the time dependence necessary to evade the theorems in section 2.1 arises in our mechanism
for leptogenesis. From a calculational point of view, the breaking of translation symmetry
causes the two-loop self-energy to become sensitive to the ordering of the sterile neutrinos,
N, and Ng, within it, which are distinguishable by virtue of their non-degenerate masses
and provides an antisymmetric part to the Feynman integral.

Given the arguments of section 2.1, we must also find that, if we restore translation
invariance by going to Minkowski space, the differences (2.17)—(2.19) will vanish. Indeed,
it is easy to check that by substituting flat space propagators, the difference in self-energies
is zero. For instance, substituting flat space propagators into (2.18) gives (see (1.2))

E(Pnuw) —E(P,nu)

= > 2itm AL dia A Ao |

a8
dik [ d¥ 1 1 M, k+l-p Mg
’ </ (277)"/ (2m)" (k—p)?=mi; ((=p)*—mi; k2 —M§ (k+(—p)® (2—Mj e ﬂ))
=0, (2.20)
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where, after a trivial relabeling of integration variables, the expression is easily seen to be
symmetric under interchange of M, and Mg, and hence zero. A similar result holds for
the other diagrams.

We now show how this difference in propagation manifests itself in the form of curva-
ture-dependent, C and CP violating operators in the effective action generated by the
diagrams in figure 5.

3 Effective field theory — integrating out the sterile neutrinos

One of the most direct ways to study the propagation of particles in gravitational back-
grounds, and the effects of curvature on their dynamics, is to use effective field the-
ory [16, 18, 19]. As discussed in the previous sections, the screening cloud surrounding
an interacting particle gives it an effective size, causing it to experience tidal forces. When
one integrates out the heavy sterile neutrinos, this phenomenon generates operators in the
effective action that couple particle fields to various curvature tensors, suppressed by a see-
saw scale cutoff. The most general such action [16], constructed from a complete basis of
hermitian operators, is given to linear order in curvature and leading order in derivatives by

ﬁeff =v—g

Gl + ial (2RW7“D” + ;8“]%7“) 0+ bO, RIA

+icl (2RI) + O RY") £ + idl <2D2lD + ia,;zw) e] , (3.1)

where a, b, c,d are real, effective couplings, with mass dimension minus two, which will
depend on \;, and the masses M, and Mg in the loops. There is one term in this effective
action which is of great importance for leptogenesis, and is the only C and CP violating
operator in (3.1), viz.

Lcpv = b@uRZ’y’% . (3.2)

A careful discussion of the action of C, P and T on this, and remaining operators appearing
in Log was given in [16].

The presence of a C and CP violating operator ensures that the second Sakharov
condition holds, namely that the complete theory contains C and CP violation, which is
provided here by the complex couplings \;,. In our model, this means that the operator
will be generated at the two-loop level, by precisely the same diagrams which lead to
asymmetric propagation of matter and antimatter, and will depend on the complex phases
contained in the Yukawa couplings \;,. In the next section, we show how integrating out
the heavy neutrinos from these diagrams gives an expression for the effective coupling b,
whose calculation we shall now describe in detail.

At this point, we should comment further on the range of validity of the effective
Lagrangian (3.1) in the context of leptogenesis. It is written to first order in the curvatures,
so is valid for small values of the parameter 2/M?, where R denotes a typical curvature
component while M is the heavy scale, provided here by the sterile neutrino masses. It is
also a low-energy Lagrangian, keeping only terms of leading order in derivatives. As shown

- 11 -
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Figure 6. The effective h vertex generated by Lcpy where ¢ = p’ — p is the momentum transfer
between the ingoing and outgoing lepton.

in the series of papers [20-22] which discuss the realisation of causality and the energy
dependence of theories of this type, the relevant parameter here is E\/ﬁ/M 2 where E
denotes the lepton energy scale. Both these parameters are required to be small for the
validity of the effective Lagrangian. We return to this point in section 5, where we apply
the effective Lagrangian and chemical potential to the hot, early Universe where both F
and fR are related to the temperature.

3.1 Matching

The calculation of the effective couplings in (3.1) is performed in the usual way, by matching
the fundamental UV-complete theory to the effective action at low energy. In particular,
the calculation can be reduced to the problem of evaluating a certain class of two-loop
Feynman diagrams, which we now describe. The first step is to notice that the effective
couplings are independent of the choice of background, so that a judicious choice of metric
greatly simplifies the computation. We shall pick a conformally flat metric

G = P = (14 W), (3.3)

which is sufficient to distinguish the various components of the effective Lagrangian (3.1).
In particular, since the Ricci tensor is given by

1
Ry = —0,0,h — 577W32h + O(h?), (3.4)

we see that the effective couplings can be determined by working to linear order in h. For
instance, since R = —30%Q2, the contribution to the effective vertex from the operator
Lcopy = b0, RIAML, is given by

Lepy = =3 (9,0°h) Iy"L + O(h?). (3.5)

We can then use the Minkowski background to define a momentum space, over which h
is treated as a classical background field. This gives a contribution from this operator of

the form
A(q) = 3ib(q°¢) h(q), (3.6)

which corresponds to the diagram in figure 6.

- 12 —



Similarly we can expand the Lagrangian of the UV theory

_ _ 1
L= Lpw +v=g | NiPN + NalioNa + 5 (N)M N + huc. | | (3.7)

to linear order in h. The computation is also simplified if we work with conformally rescaled
fields,
N—-Q 02N 002 g5 (72/2¢ (3.8)

After conformal rescaling of the Lagrangian (3.7) and inserting the metric (3.3), gravity
enters only via the terms which violate conformal invariance, so that the Q2-dependent
terms in the Lagrangian can be written as

Lo = %QWMN + 02 <m%1 —6 (c - é) 93629) 7o + Q"IN LN
— Oh+ O(h?), (3.9)

where the Higgs Lagrangian includes the Ricci coupling (R¢f¢. Expanding to linear order
in h, we have

Oh = ihMWNC +h.c. + <m2Hh -3 (c — é) a%) P — (n ; 4) hhiali¢oN.  (3.10)
In this way, gravity manifests itself in the form of a classical background field h, so that
the two-loop diagrams can be expanded to linear order in A by appropriate insertion of h
according to the operators in (3.10). This reduces the problem to the evaluation of flat
space 3-point Feynman diagrams, with two external fermion legs and a classical field h.

For the case of h couplings to the heavy neutrinos via their mass term, the corre-
sponding diagrams are shown in figure 7. Suppose that the h insertion is made into the
N, propagator. Recalling that only the diagrams with both propagators of the charge-
violating type contribute to leptogenesis, the N3 propagator must be of the type SBX
n (1.2). Then, given the two terms in (3.10) for the coupling of i to the sterile neutrinos,
ViZ. %hM (WN ¢+ Nc¢N ), we see that with this condition the N, line receives contributions
from both S,S5 and S5 Sy . Finally, we use S5 = S, in flat space. This establishes the
form of the diagrams to be calculated in the following section.

The effective couplings can be computed by matching the transition matrix elements
(L(p')| Oh|£(p)) for small external momenta to the effective amplitudes such as (3.6) (see
in particular [16, 19], as well as [18, 23-25], for more details). The general form of this
object is

(Li(p) |OR|6i(p)) = p [cap® + c2(p - @) + asq®] + ¢ [Bip® + Ba(p - @) + Bsq®]  (3.11)

where ¢ = p’ —p is the momentum transfer, and «; and f3; are in general complex coefficients,
which depend on the Yukawa couplings and the masses in the loop. From (3.6), we see that
the coefficient b can be read off as b = 1/3Im(f3), which in turn only depends on the value
of the momentum transfer q. Hence, for the purposes of calculating the operator (3.2), we
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Figure 7. Contributions to (£(p') | Oh|£(p)) from the heavy neutrino mass term 1A NMN¢. The
crosses denote the S BX sterile neutrino propagator, while on the lines with h insertions there are
contributions S,5, and S S corresponding to each propagator type.

can set p = 0 in the remainder of our calculations, so that the amplitudes are functions of
a single momentum ¢, with p’ = ¢. The transition amplitude is thus given by

(6i(a) | O] 6:(0)) = >~ Ao A s f(g, M, Mp)
a, B, 7
Ty Ty,
I [\ Mo A Ava
M, Mg

=ig’¢h(q) >
arBrj

Togj + -+, (3.12)

where + - - - represents terms which do not contribute to (3.6). The factor Iog = I(Ma, Mg)
depends on the masses of the sterile neutrinos. It can be determined by performing a
momentum expansion of f(q, My, Mp), in the limit —¢* < M,, Mg, where f is directly
determined from the evaluation of the three-point Feynman diagrams in figure 7. In this
sense, the see-saw scale becomes the UV cut-off for our effective theory. Matching the
effective amplitude (3.6) to (3.12) we find that

VRS
I [\ Ao A Ava
3Mo M

Lopy = O R UM, Z
a7 ﬁ?j

Iup)- (3.13)

In this way, we have shown how this operator arises simply from curved space QFT con-
siderations, without the need to postulate new gravitational interactions arising from some
unspecified, more fundamental theory.

We shall describe the relevant calculations for I3 shortly, but our key finding, which
we state now for continuity, is that the size of the loop effects contributing to leptogenesis
may be enhanced by increasing the hierarchy between M, and Mgz. Specifically, we find
that keeping M, fixed, the propagator correction diagrams (1) and (2) are suppressed for a
large ratio £ = Mpg/M,, whereas the vertex correction diagrams grow linearly with £. For

~ 14 -



5,
(3 0.15- 5(D)
4 Is )[aﬁ]| |1 (g
3 0.10-
2,
0.05
1t 2(2)
I gl
13 : : 3

2 4 6 8 10 12 14 2 4 6 8 10 12 14

Figure 8. The hierarchy enhancement of loop effects, with M, fixed. The curves show I [(;L)m =
(47r)4|I(")m |/€ plotted as a function of the heavy sterile neutrino mass ratio £ = Mg/M,.

[ev,

instance, we find that the loop contribution from the vertex correction diagram (3) gives

)
[af] 3 1 1 Mg
~o2 e N 14
Mo 8@zt fTan b (3.14)

while for the propagator correction diagrams (1) and (2) we have

(1) (2)
I[aﬁ] 5 1 11 I[am 1.1 1 In@¢ (3.15)
MMz — 16 (4m)* M2 ¢’ MoMg — 24 (4m)* M2 €& 7 '

in the same limit. This behaviour is plotted in figure 8.

The necessary 2-loop calculations, even in the low-momentum limit, are not simple, and
considerable care must be taken in particular to deal with the various massless thresholds
which arise. Note that it is only the terms of O(ng) which contribute to the local effective
Lagrangian (3.5). We also encounter non-analytic terms involving In(—¢?), which are to
be interpreted as non-local contributions to the effective action. While such terms are of
considerable importance in their own right and encode important information about the
long-range interactions in the theory [24, 25], they do not affect the leptogenesis mechanism
of interest to us here. Full details of these calculations are presented in the next section.
The reader interested primarily in the implications for cosmology may at this point jump
ahead directly to section 5, where the consequences for leptogenesis are discussed.

4 Feynman diagram calculations

We now describe the calculation of the two-loop self-energy diagrams diagrams shown in
figure 7. Diagrams (1)—(3) can be evaluated by first evaluating the one-loop propagator or
vertex sub-diagrams, which in these cases are relatively simple, then inserting into the full
self-energy diagrams. However, the sub-diagram for (4) is of a non-trivial triangle type [26]
and here the whole diagram must be dealt with in a different way.
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Figure 9. The propagator correction diagram with no branch cuts. The self-energy sub-diagram
Y (k) is shown in bold and we sum over the two kinds of sterile neutrino propagators which can be
inserted at the h vertex.

4.1 Sterile neutrino couplings

First, we describe the diagrams where the gravitational field A couples to the heavy sterile

neutrino propagators.

Diagram (1). This diagram gives

d d
PO Mo M5) = 55 [ 555 [ G0 [Salhera)Sa )+ (-0) S ()] S(0)S5 (1),

2m)d ) (2m)d
(4.1)
where (k) is the massless sub-diagram shown in bold in figure 9:
(k) = /‘W(m — 0)8(0) (4.2)
) (2n) ’ ’

It is easily evaluated to give

(k) = (Zf)z [; In <—zz> _ 1] , (4.3)

where y is an RG scale, and we used M S when removing the pole. One can then re-insert
this into the main diagram to find f()(q, M,, Mg), which can be written as a momentum
expansion in ¢. The details of this expansion and the techniques necessary to evaluate the
full diagram are described in the appendix. One can then read off the contribution to I,g
and its dependence on the masses M, and Mpg. For this diagram, we find a contribution
to I,p given by

1) = 24(47r)41(x i [241» In() <(x2 +az—1)In (fé) + :c)

+2(z — D)(z(2((z — 5)z — 19) + 7) + 4) In (J\Mp)

— 12 (xQ +x— 1) xln?z — 32° + 282% — 5423 + 412 — 12}
(4.4)
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Figure 10. The propagator correction diagram with a zero-mass threshold corresponding to the
cut (shown in red) through the massless Higgs and lepton lines, across which the momentum g¢
flows.

where
2
_ M

2
rx=¢£ —Mg'

(4.5)

The large x behaviour for the antisymmetric part, choosing the RG scale u = M,, is
therefore given by

O 5 1 In?
I[“vﬁ]_16(47r)4+0< . , z>1, (4.6)

as quoted in (3.15).
Diagram (2). This diagram contains a zero-mass threshold [27-29] as shown by the cut

in figure 10. As a result, the diagram has a discontinuity at ¢> = 0 and a branch cut
2
represented by the appearance of In (1> in the expansion for f(q, My, M 3). We find

Mg
2
@ S TC N Y S | DR
f74a, May M) My Mg [Iaﬁ 24 ln( )| Tt (4.7)
with Igﬂ) given by
o8 = Ty = 1F |0 \ap ) (2 — 1 +282° = 202% — 122% () + 22 — 1)

+ 162° — 1192* 4 882 — 3422 + 3622 In?(x)
— 6 (2" — 62° — 62° — 10z — 3) zIn(z) + 56z — 7| .  (4.8)

In the large hierarchy limit, the antisymmetric part in this case is

(2) 1 Inx
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Figure 11. The vetex-correction diagram with no branch cuts. The vertex correction sub-diagram
I'(k), is shown in bold, with a single momentum k flowing in and back out.

Diagram (3). As before, the relevant subdiagram is shown in bold (figure 11).

Although this sub-diagram is of the triangle type [26] which, in general, gives a lengthy
answer, since there is only one momentum flowing into it, and since it contains only one
mass, the expression is relatively simple:

j Mj;  Mj MZ—k*\ M3z 1 [k —M;
ry = —k N2 2 (MY 2 L (B AL )
(4m)2Mpg | | k* K2 M3 k22 k?

Substituting this into the main diagram, one can evaluate the remaining k integral following
the procedure described in the appendix. There are no branch cuts in this diagram, and
hence no In(—¢?) terms. The final contribution is

3) 1 4 (1 5 4 3 2

+27 (242 712 +582% +4x+12(220+1) (v—1)*In(z—1) —24) In(z)

—122x—24(w—1)4(2x+1)xln2(1‘)+22] : (4.11)

We are now in a position to derive the result (3.14). After antisymmetrisation, we find
that the asymptotic behaviour of this diagram is given by

@ . 3
Ion =~ T +O0(nz), x>1. (4.12)

Diagram (4). The amplitude for this process is given by

Mg [ d% [ dY Mo (F+£)[ME+E(k—4)]
1@ttty =5 [ s | G o T

2
(4.13)

and corresponds to the diagram in figure 12.

For this amplitude, the sub-diagram (shown in bold) is also of the triangle type. How-
ever in this instance it depends on two momenta, rather than just one. This vastly com-
plicates the form of the sub-diagram, which is worthy of a separate analysis [26] in its own
right. Furthermore, the overall diagram contains a branch cut, shown in red. Not only
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Figure 13. Self-energy diagrams resulting from partial fractioning.

that, but the complicated sub-diagram has to be substituted into the remaining momentum
integral. Since we only require a momentum expansion, we shall proceed in a different way
from the previous diagrams. First, we notice that we can use partial fractions to write

1 1 1 1 1
— = - 4.14)
2 12 _ N2 2 | 12 2 _ A2 (
k? k* — Mj Mj (k‘ k2 —M ﬁ>
which allows the diagram to be written as the difference of two self-energies of the types
shown in figure 13. This allows us to write

1

(g M. Ma) = ——
P90 Moy Ms) = =5

[fi(a, Ma, Mg) = fa(q, Ma, Mpg)] . (4.15)
This class of diagrams has been extensively studied in the literature [27-31]. The first step
is to simplify the gamma matrix expression in the numerator and write as far as possible
as a sum of terms appearing in the propagator denominators. This allows the full diagram
to be written as a sum of scalar diagrams with a smaller number of propagators, as shown
below. Some of these are UV divergent, but the poles are all spurious, in the sense that
their sum must be finite, as the overall diagram (4) contains no divergences. For instance,
in the case of fi, we find the diagram decomposes as

dl 1 M,
=L —-—(J(0,1,1,1,0) — J(0,1,1,0,1) — J(0,0,1,1,1 J(-1,1,1,1,1
fl 22q2MIB((7777) (7777) (7777)+ ( 777’))

M, (Mj+M2 1
+ =
f; f;

Mq M,
~ = )J01,1,1,1 1,0,1,1,1) — == 7(1,1,0,1,1
Mg\ 2¢° 2>J(O’ DL+ g T O = o JALOLD)
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M, Mj
q2

M2+M2%) 1
+<( q2 6) +§ MQM5J(17171a171) ) (416)

MM,
[J(1,1,1,0,1) + J(1,0,1,1,1)] + - B17(1,1,1,1,0) + J(0,1,1,1,1)]

where

J(v1,v2,v3, V4, 5)

_ / d%ky / d%ks 1
2m) ) (2m)d k2 — M3 (k3] Pk + k2)2 (k1 — @A™ [(k2 + q)? — M2
(4.17)

The corresponding diagrams are given in figure 14. Not all these diagrams give a gq2
contribution. Firstly, we note that diagram 2 is zero, since it contains a massless bubble,
which vanishes in dimensional regularisation. Futhermore, diagram 3 has no g dependence,
and so does not contribute to q2g. We also see that last 2 lines of (4.16) give contributions
which are symmetric under interchange of a and 3, and so do not contribute to I[,g-
Hence there are only 5 diagrams which contribute: 1, 4, 5, 6 and 7. Diagrams 1 and 5 were
computed by Scharf and Tausk [30] and yield*

J(0,1,1,1,0):—(471T)4 {is—f—l—;{v—l—ln (;ﬁ;) ] (4.18)
J0,1,1,1,1) = —(4;4 {2152 + 2—15 {5 9L, -2 (“f) (1 + Q)}
+ g + 24(2) + L2 — L, (5 —2 (1226’2) In(1 + Q))
~n(Q) + (1;@> {2Lia(-Q) + (1 + Q)
+1n(Q)In(1 + Q) — 4In(1 + Q)}] . (4.19)
where ) ,
Q:—]\%&, Lo =7+ <4‘77‘T4:2>, d =425 (4.20)

The corresponding result for J(1,1,1,1,0) is given by replacing M, with Mg. We also
find that

1 Q1 Q

J(1,0,1,1,1) = — - < _!32%L, —92% — 3zL, — 62Liy(1 — b
(1,0,1,1,1) (47) 2x6+6(m—1)x2{x o = 927 = 3wLo — 62Lix(1 - b)
4
+ 6Lig(1 — z) + 72z + 92 — 3z lnz — 772}] +0 (]\(24> (4.21)
(0%
and
J(1,1,0,1,1) = K(¢%, Ma) K (¢°, Mp) (4.22)

“In the notation of [30] corresponds to Tia34(¢?; M2,0,0,0) of equation (96).
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Figure 14. The scalar topologies for f;. The dashed lines now generically denote massless propa-
gators, and so can correspond to both Higgs and lepton lines.

where ,
K¢, M) = % —Ly+2+1n (Méw_:z) - %m (Miwjﬁ) (4.23)
we also have
J(-1,1,1,1,1) = I + (¢* = M3)J(0,1,1,1,1) (4.24)
where
p- Ma {1Q2(4 310(Q)) — —Q (4L, — 8AL, + 102° + 105)} +O < ¢ ) . (4.25)
(4m)* 96 M6

Putting all this together, we find a total contribution to I from f; of the the form

d®
fi(g, My, Mpg) = Foat: (4.26)
P77 Mo Mg o8]

where

a0

_ ap. (-1 At N2 4 3
[a51_748(47r)4:v? [637 Lis (x ) 6Lig(1 —z) — 2™ + 12z

+ 323 In(x) + 32° In(x) — 122 + 3z 1n(z) 4+ 72|, (4.27)

It has the asymptotic behaviour (characterised by & = Mg/M,)

(1)
Flag) 11

1
— ~ —€1 1 4.28
MM, 8(4W)4M3£ né, > 1, (4.28)

as can be seen from the plot in figure 15 below.
For the other self-energy in figure 13, which contains no branch cuts, one could in
principle carry out the same calculation. One begins by reducing the main diagram to a
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Figure 15. The hierarchy enhancement of loop effects from the f; term, with M, fixed. As in
figure 8, we have taken out an overall factor 1/(4m)?.

sum of scalar integrals (figure 16), which gives a tensor decomposition into scalar integrals
of the form

M| 1
Ja= ﬁﬁ; [2q2 (K(071717170)_K(071717071)_K(ana17171)+K(_17111>171)>

2M5+M§ 1KOllll L MﬁzKlOlll 1KllOll
+27q2_§ (7777)—’_5_? (7777)_5(7777)
M? M? M2 M2M?
_TfK(171717071)+ qu(l,l,l,l,O)—F <_2IB+ 22 B>K(1’17131a1)]7
(4.29)

where now

K(V17V271/371/47V5)

B /ddk1 /d% 1
) @)t (2m)d [k M RS- ME] 2 [(ky o) 2 (k1 —q) ) [(ka+q)?— MZ]™
(4.30)

At this point, recall that we are mainly interested in diagrams which give the dominant
asymptotic behaviour. By power counting in (4.29) and the diagrams in figure 16, one can
see that only some of the diagrams (shown in bold) have the potential to give an asymptotic
behaviour capable of competing with (4.28) or (4.12).

However, the asymptotic behaviour of these diagrams can be seen to be no stronger
than in the previous calculations. The way to see this is to note that since none of them
contains branch cuts, each one is analytic in ¢* and, as explained in [31], can be Taylor
expanded before performing any momentum integrations, (see (2.6) therein). Each Taylor
expansion can be written as a sum of 3-mass vacuum diagrams, each of which is given
in terms of hypergeometric functions, as in (4.3) of [31]. One can then power count the
masses M, and Mg in these formulae for each of the diagrams 4, 5, 6, 7 and 10. Carrying
out this procedure, we found that in both limits M, > Mg and M, < Mg, the asymptotic
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Figure 16. Topologies for fs.
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Figure 17. Contributions from Yukawa insertions.

behaviour is never stronger than in our previous calculations. As a result, we see that the
dominant behaviour is essentially linear (up to an overall log(Mg/M,) factor).

4.2 Yukawa couplings

The contribution from the h coupling to the Yukawa intercation in (3.10) is proportional
to (n —4), and so only contributes in diagrams which produce poles 1/(n —4). The vertex
correction diagram is UV finite, and so the only source of UV divergences comes from the
propagator correction amplitude, via its one-loop sub-graph. In fact, for the purpose of
calculating the antisymmetric quantity I|,g, only two graviton insertions in the propagator
correction diagram contribute. They are shown in figure 17.

Notice that we do not calculate the contributions from Yukawa insertions on the out-
ermost vertices. The reason for this is that an insertion on the vertex of the outgoing
lepton carries momentum ¢ in and straight back out again, so that the diagram has no ¢
dependence. Similarly, the insertion of i on the vertex of the incoming lepton gives only a
symmetric contribution to I,3. Moreover, in this case, the divergences in the sub-diagram
are removed by renormalization counterterms in the corresponding one-loop diagrams.
Hence, the only diagrams of interest are the two shown above. They give a contribution

1 142 9
llap) = *ZSW [(1 —z)(1 4 10z + x*) + 62(1 + x) lnaz]

1 Inx
~ ol == 4.31
48 <:c>’ (4.31)

for large x. Clearly, this contribution is sub-dominant compared with our previous results.
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4.3 Higgs couplings

If we consider a conformally-coupled Higgs Lagrangian with ( = 1/6, then from (3.10)
the only h couplings to the Higgs propagators are proportional to the mass m%{ These
contributions will therefore be highly suppressed relative to the insertions on the sterile
neutrino propagators. For a non-conformal Higgs coupling, (3.10) shows there are further h
insertions proportional to (C — %) 0?h. These have the potential to contribute in a similar
way to the Yukawa terms discussed above, but power counting arguments suggest that they
will again only give rise to sub-dominant contributions for large z.

5 Leptogenesis and baryogenesis

It is now clear how the mechanism of radiatively-induced gravitational leptogenesis emerges
in this see-saw model. First, matter and antimatter propagate differently by virtue of the
breaking of time-translational invariance by the gravitational background, together with CP
violation from the phases of the complex Yukawa couplings. Both of these are radiatively-
induced features which arise at two loops, as discussed in section 1.1. This is manifest
in the difference of the matter and antimatter self-energies, i.e. ¥(z,2’) # X¢(x, 2’). This
bias in the dynamics of matter and antimatter is reflected in the particular operator (1.5),
whose effective coupling constant depends on the imaginary part of the Yukawa couplings
and on the sterile neutrino masses via the quantity I,g, which is determined by the two-
loop self-energy diagrams for the light leptons. Naturally, these are the same diagrams
(figures 5 and 7) which lead to distinct matter and antimatter propagation.

5.1 Lepton asymmetry in a radiation-dominated FRW background

We now show how the lepton asymmetry arises in the simplest possible model, where the
background is a radiation-dominated FRW spacetime at temperature T. The coupling
in (1.5) then acts as an effective chemical potential, so that in the thermal background of
the hot early Universe, the equilibrium distributions of the light leptons and antileptons
are different, giving rise to a net lepton number as shown in (1.5)—(1.7). We therefore find
the lepton-to-photon ratio Y7, in equilibrium is given by

. o
o I (AL Mo A A
TAGT o= 18MaM;

3P dy

Iia5/(8), (5.1)

where we have used the photon density n, = 2¢(3)T°3 /=

We can trace the origin of each term in (5.1) back to the fundamental principles set out
in the introduction. First, R arises due to the breaking of time-translation symmetry by
the background geometry, the factor /i, g (€)/My Mgz describes the dependence of the loops
on the sterile neutrino mass hierachy, while Im [/\I%/\W)‘L j)\ja] arises from the breaking of
C and CP symmetry.

At this point, we can also see why the diagrams containing charge-conserving sterile
neutrino propagators do not contribute. (See section 2.1, especially expression (2.19) for
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the relevant self-energy diagram.) Since in this case the contribution from the vertices is

[)\Li)\m)\zj)\jg , summing over all generations gives n(L)—n(L%)oc}_,, sIm [(ATA) g (ATA)ag]

“Jia g, for some loop factor J,5. However, Im[(ATA) g (ATA)as] :Im[|(AT)\)Ba\2} =0, and
so the total lepton asymmetry from these diagrams is zero.

Now, the Ricci scalar in a FRW universe dominated by matter with equation of state
parameter w satisfies

P ) 032
R:—(1—3w)ﬁ§, R:\/§(1—3w)(1+w)ﬁg, (5.2)

where M, is the reduced Planck mass, the expression for R following from the conserva-
tion and Friedmann equations. For the classically conformal invariant case of radiation
dominance, w = 1/3. At the quantum level, however, the energy-momentum tensor has
a trace anomaly and the factor (1 — 3w) acquires a contribution from the beta functions
characterising the particle content of the theory [11]. Below, we take 1 — 3w ~ 0.1. Since
for radiation, p = oT* with o = 72¢,/30, where g. counts the effective degrees of freedom,
we find the time derivative of the curvature at temperature T is

. T6
R=/30%2(1 - 3w)(1 + w) 35z - (5.3)
p
Substituting back into (5.1) we find
T T
N \/§7r2a3/2(1 —3w)(1+w) T Im P‘ﬁz’Aia)‘/jj)‘ja
Yy ~ 36¢03) M3 YR I1q5/(8). (5.4)

a7/37j7i

At this point, we can return to the discussion of the validity of the effective Lagrangian
in section 3. Using the expression (5.2) for the curvature, the weak gravitational field and
low-energy conditions can be re-expressed in terms of the temperature as

2 3

<1, 5
M, M, M2M,

<1, (5.5)

respectively, where we have taken the typical lepton energy as E ~ T and M; as the
sterile neutrino mass. These will clearly be satisfied in the region of interest, T' ~ M; and
T < My. This means that the prediction (5.4) calculated from the effective Lagrangian is
valid provided the temperature factor ~ 7° /MfMg in Yy, is small, which is certainly the
case observationally.

5.2 Towards leptogenesis and baryogenesis

Finally, we discuss briefly how this non-vanishing equilibrium lepton asymmetry may play
a role in determining the baryon-to-photon ratio ng of the Universe. We assume a standard
leptogenesis scenario in which a lepton asymmetry established at relatively high tempera-
ture in a radiation-dominated FRW universe can subsequently be transformed into a baryon
asymmetry by the conventional sphaleron mechanism [5] (see [7] for a summary) when the
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Figure 18. The curves show the values of z = M; /T and M; which give a lepton-to-photon ratio
Yr, = 3 x 1078 in the observationally important range, for various values of the mass hierarchy
parameter &.

temperature has dropped below the usual sphaleron scale ~ 102 GeV. From the observed
value ng ~ 6 x 10710, we infer the corresponding ratio Y7, ~ 3 x 10785

To get an initial orientation on the relevant orders of magnitude, assume the sterile
neutrino masses satisfy M; < My < Ms. The expression (5.4) is then dominated by the
loop diagrams with the largest mass hierarchy, i.e., those containing M7 and Ms, which give
Ijy3) ~ €2 log €2/ (4m)*, where &€ = M3/M;. It is also convenient to introduce the standard
parameter z = M;/T. This gives our key result (5.4) in the form

Y7 ~ alssind

(5.6)

2\ M, 36¢(3)(4m)2 ’

£1n €2 (M1>3 [\/ﬁa?’/%?u — 3w)(1 + w)
where a3 = ‘()\JD\)lg’ /(47) is the appropriate coupling constant, and § = Arg[(ATA)%;]
quantifies the size of CP violation. In the numerical estimate below, we take a3 ~ 0.8
and sind ~ 1. Inserting these values, together with (1 — 3w) = 0.1, g, = 106.75 and
M, = 2.4 x 10'® GeV, we obtain the following expression for the equilibrium lepton-to-
photon ratio at temperature T"

L EIng? <M1>3
Yy ~4.4x1073 — . (5.7)
25 M,

In figure 18, we plot contours with Y7 = 3 x 107® in the z, M; plane for different
values of the hierarchy parameter £. This shows that the gravitationally-induced lepton
asymmetry is indeed of the order of magnitude necessary to play a role in determining

5Here we have used the relation

C(s,ph

Ys = CspnYB—1 =
B phYB—L 1= Com

Y.,

with Cspn = 28/79 in the standard model, and included the standard factor f = 2387/86 to account for the
production of photons from the leptogenesis scale to CMB formation [8].
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the observed baryon-to-photon ratio, with sterile neutrino masses and temperatures in the
GUT range ~ 1016 GeV.

In the see-saw model, which we have used here to illustrate the radiatively-induced
gravitational mechanism, the sterile neutrino masses and hierarchy determine the light
neutrino mass spectrum and these values correspond to neutrino masses of the order of a
few 1073 eV, putting them in the lower end of the range allowed by solar and atmospheric
neutrino data [7]. Notice, however, that the fundamental gravitational effect, which gives
rise to the chemical potential p ~ R/Mf, is in general actually favoured by lower sterile
neutrino masses. The relatively high mass parameters discussed above are being driven by
the assumption that the relevant temperatures at which the lepton asymmetry freezes out
are z 2 1.

If we consider the model in the context of the exit from inflation, then, as discussed
n [11], this decoupling temperature must satisfy 7" < Trg < V1/4 where Try is the
reheat temperature and V1/4 gives the inflationary scale. We would therefore require an
inflationary scale of the order of the GUT scale, with the lepton asymmetry freezing out
at high temperatures near the beginning of radiation dominance. This corresponds to a
value of the tensor-to-scalar ratio r (characterising the strength of the gravitational waves
produced by inflation) to be close to the current upper bound ryax = 0.07 [34].

The simplest scenario, implicit in the discussion above, is that the lepton asymmetry
freezes out at its equilibrium value when the reaction rates for the lepton-number violating
reactions, which maintain the leptons and antileptons in thermal equilibrium with the
asymmetry (5.4), fall below the Hubble expansion parameter. Of course, this is a very
crude first approximation. In general, finding the physically realised lepton asymmetry in
this model will depend on a detailed dynamical analysis of all the simultaneous reactions
and decays taking place around the critical scale T' ~ M;j;. This would involve a full
treatment of the coupled Boltzmann equations, taking into account initial abundances,
inverse decays, and AL = 1 and AL = 2 scattering rates. This is essential to determine
how closely the actual lepton asymmetry is tracking its equilibrium value at the point of
freeze-out. We also need to include near-resonant production of the sterile neutrinos and
their out-of-equilibrium decays, since in this model the original leptogenesis mechanism
described in section 1.1 is simultaneously active.

This complete analysis of the kinetic theory of the model in its cosmological setting
is currently under investigation and will be presented elsewhere. Here, our motivation has
been simply to demonstrate that the new mechanism of radiatively-induced gravitational
leptogenesis can produce asymmetries of the required order of magnitude to account for,
or certainly play an important réle in determining, the observed baryon-to-photon ratio in
the Universe.

6 Outlook

In this paper, we have presented a new mechanism for leptogenesis and baryogenesis in
which the matter-antimatter asymmetry is generated by gravitational couplings induced
by quantum loop effects in curved spacetime. In this mechanism, the Sakharov conditions
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are realised as follows. The first occurs in the usual way for leptogenesis through lepton
number violating reactions mediated by heavy BSM particles. C and CP violation can arise
from complex phases in the coupling of the light leptons to these heavy states. The time
dependence necessary, in the spirit of the third Sakharov condition, for generating a matter-
antimatter asymmetry arises not by the traditional mechanism of out-of-equilibrium decays
of the BSM particles, but through the direct CP and SEP-violating coupling of quantum
loops to the time-dependent gravitational field in the expanding Universe. In this scenario,
the heavy BSM states contribute only as virtual particles to the self-energy cloud screening
the light leptons. The lepton number asymmetry is then transferred to a baryon asymmetry
via the usual sphaleron mechanism.

Specifically, we showed in the context of the see-saw model how the virtual sterile
neutrinos in the two-loop self-energy contributions to the light lepton propagators allow
the leptons to become sensitive to the time-dependent dynamics of the gravitational back-
ground and to the C and CP violation in the BSM Lagrangian. This curvature coupling
breaks the strong equivalence principle and allows particles to propagate differently; the
sensitivity to CP violation then allows a distinction between the dispersion relations for
leptons and antileptons. This effect induces an effective chemical potential, which modifies
the equilibrium distributions of leptons and antileptons and allows a lepton number asym-
metry to be maintained in the thermal quasi-equilibrium characterising the early radiation-
dominated Universe. Remarkably for an intrinsically QFT effect in curved spacetime, this
effect is sufficiently strong to play a réle in determining the observed baryon-to-photon
ratio. This is because, although the loop effects we have calculated are necessarily very
small, they are the leading symmetry-breaking contribution to a quantity which would
otherwise be zero by translation invariance.’

From our detailed calculations of the two-loop Feynman diagrams in the see-saw model,
we made the important observation that that the size of the lepton (baryon) asymmetry
grows linearly with the mass hierarchy {& = Mg/M, of the sterile neutrinos, and identified
the class of diagrams giving rise to this enhancement. It would be interesting to develop a
deeper understanding of this feature. For instance, is there an a priori reason why some
diagrams such as the vertex correction (3) exhibit a hierarchy enhancement, whilst others
such as the propagator-correction diagrams (1) and (2) do not? This would provide some
insight into why we never observe anything stronger than linear hierarchy enhancement
— clearly it would be of great interest for phenomenology if we found variations of the
model in which the analogue of 1,3 scales as 1,5 ~ &* or stronger. This could significantly
extend the range of parameter values for which this type of see-saw model could generate
a sizeable lepton asymmetry through our mechanism, for example reducing the scale M;
of the lightest sterile neutrino.

This work suggests many areas for further investigation. The most immediate is to em-
bed the mechanism into a detailed study of lepton number generation in the early radiation-
dominated Universe, taking into account the interplay between the conventional out-of-

S Another well-known example where curved spacetime QFT effects are important in cosmology is the
study of quantum fluctuations in the inflationary phase of the Universe, which can be indirectly probed by
CMB measurements.
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equilibrium decays of on-shell sterile neutrinos and our new mechanism of radiatively-
induced gravitational leptogenesis. This will involve a full analysis of the temperature-
dependent, kinetic aspects of the evolution, including coupled Boltzmann equations, reac-
tion rates and freeze-out temperatures as the Universe cools. An interesting question is
to determine whether one mechanism dominates over the other for particular parameter
ranges in the fundamental BSM theory.

It is important to emphasise, however, that the leptogenesis mechanism we are propos-
ing is far more general than its realisation in the particular see-saw model presented in this
paper. It will arise notably in generic BSM theories exhibiting C and CP violation at a
high energy scale. The main condition is that since this is a gravitational leptogenesis
mechanism, the matter-antimatter asymmetry must be generated at a sufficiently early
time (around the GUT scale) that the curvature of the Universe is still strong enough
to produce the observed baryon-to-photon ratio. Since this scale is also characteristic of
the temperatures at the end of inflation, it will be interesting to look at scenarios where
our mechanism is embedded into inflationary models.” In principle, it can also be ap-
plied directly to the generation of a baryon asymmetry through a radiatively-generated
gravitational coupling to the baryon number current.

On the theory side, the central idea underlying our mechanism is that in the presence
of a time-varying gravitational field, matter and antimatter in a C and CP-violating theory
propagate differently at loop level. In this paper, we translated this fundamental observa-
tion into a mechanism for leptogenesis by first using the effective Lagrangian formalism to
identify the relevant operator (1.5), then interpreting its coupling as a chemical potential
which changes the dispersion relations and induces a difference in the equilibrium distri-
butions for matter and antimatter. We showed that this operator arises naturally through
radiative corrections in curved spacetime, without the need to appeal to an as yet un-
known theory of quantum gravity. While this approach is justified in the early, GUT-scale
Universe, where the traditional quasi-equilibrium approach to kinetic theory is a good ap-
proximation, from a theoretical perspective, we would like to develop a more fundamental
analysis. An ideal strategy would be to describe the lepton (baryon) asymmetry directly
from the self-energies X(x, 2’), which should be treated within a real-time, non-equilibrium,
curved spacetime framework to calculate the time evolution of the lepton (baryon) number.
This would provide a theoretically rigorous, real-time formulation of radiatively-induced
gravitational leptogenesis.
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A Techniques for evaluating the self-energy diagrams

In this appendix, we demonstrate some of the techniques used for evaluating the Feynman
diagrams in section 4. For instance, in the case of diagram (1), after inserting the sub-
diagram into the remaining momentum integral, we have

_ Mo [ % [(F+ D) + M3 ¥ 1 (—k?
= 2(4m)? / (2m)? K2((k + q)% — M2][k2 — M2][k> — M3] (1 — gl (ﬁ)) - (A1)

The constant term from (k) can be evaluated in the usual way, by manipulation of the
numerator and introduction of Feynman parameters. The logarithmic term, however, is
more subtle, but can be dealt with by noting we can write

") = e | w2

This trick can be employed for any other logarithmic term generated by a sub-diagram.

This reduces the calculation to the evaluation of a Feynman integral containing a denomi-
nator factor raised to an arbitrary power s, viz.

M, Aok [(F+ d)k+ M2 K
2(4m)? / (2m)d K2[(k + q)2 — M2][k? — M2][k? — M3][k?]*’

I(s) = (A.3)

which can then be differentiated with respect to s after performing the momentum inte-
gration. First, we note that the numerator can be rewritten as

(K + dF + M3 = (K + ) (K — M3) + (2F + ¢) Mz, (A.4)

allowing us to cancel the numerator factor (k? — M2) against a denominator, so that I(s)
splits into two simpler integrals. For instance, the second term gives a contribution

I(s) = / 'k 2k + ) (=p*)°
V) od [k + q)2 — M2]RE — M2J[RE - MR

(A.5)

from which we need only the O(s) term in accordance with (A.2). After introducing
Feynman parameters, we get

(2N s T [ e =)
Is)= (4m)? <M02¢> Ma2/0 dy/o a /o d [Qy(l—y)+y+zb]1+s7 (4.6)

where

Q=—g/M2, b= MM (A7)

Performing the z and then w integrals gives an answer in terms of incomplete Beta func-
tions:

_f (L 1 b(1 —y)
1= g7 (32) ) - {5 B |y Ty

1 (d-ye
s [Qy(1 —y) +yl° } ‘ (4.8)
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Using the Taylor series for the incomplete beta function, we find the s expansion gives
1 1
Blz,s,1 —s] = - +1In(x) + s [2 In?(z) + LiQ(J:)] + O(s?). (A.9)
S

Notice that poles in s cancel between the Beta function and the second term in {...}.
Taking the term linear in s gives

. dl(s) 4 1 ! 1 u? (I—y)b
lgl{l} 75 = (477)2]\45/0 dy (1 — y){21n2 (W) +In <A> In(Lg)
1 (1—y)b (=)
+ 51112 (f1y> + L12 (Ay>
. 1 n2 (1-y)
2! (Qy(l—yHy) } (410

A=Qy(l—y) +y+ (1 —1y)b. (A.11)

A full expression for the remaining y integration is too lengthy to write down here. However,

where

each of the terms in the integrand is analytic in ¢ for all y in the integration range, provided
—¢®> < M2, M E, and so the integrand can be analytically expanded in powers of ¢%/M2
prior to performing the y integral. This is a reflection of the fact this diagram contains no
branch cuts, i.e., no zero-mass thresholds, and thus has no log (—q2 /M 2) terms. Expanding
in —¢?/M?2, and then performing the y integral, we find an answer of the form

_dI(s) 4 1 —*\"

| = — Chl| — A.12

50 ds (4w)2Mgzn: n\ Mz ) (A-12)
where for our purposes the relevant coefficient is

(b((b—6)b+ 3) + 6bIn(b) + 2) In (%) 3I2(0) £ 3(b—1)° 2 (ﬂi) L
6(b— 1)1 - 5 .

QN

| = —
(A.13)
We can repeat this exercise for the other integrals contributing to diagram (1) to arrive at
the answer quoted in the text in (4.4).
Similar techniques are used to evaluate the other self-energy diagrams, with the results
quoted in section 4.
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