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Heavy Majorana neutrinos represent an attempt to expla@rsthallness of thee, v, and v;
masses via the See-Saw mechanism. Moreover heavy Majoeatrgnos have been considered
to play a relevant role in the dark matter problem and theolggesis mechanism as well. In the
latter a heavy Majorana neutrino decays within a hot andelptesma of particles producing an
imbalance of leptons and anti-leptons. Hence a thermahtexat is needed and we focus here on
the temperature regini >> T, which may be relevant for the leptogenesis scenario. Bigldn
QCD thermal field theory methods, we develop an effectiverhér non-relativistic Majorana
neutrinos which simplifies computations in a thermal medafrstandard model particles. As
a proof of concept, we perform the computation of the dec#y far the Majorana neutrinos
to test our effective Lagrangian, reproducing a resultaalyeknown in the literature. Moreover
the present effective field theory approach may be congidsithin different models involving
non-relativistic Majorana fermions.
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1. Motivation and Introduction

The standard model (SM) of particle physics, together wéhegal relativity, is believed to
correctly describe almost all phenomena in nature. Negky$ls some experimental evidences and
observations demand for physics beyond the standard modeha connection between particle
physics and cosmology plays an important role. In the pasidkeneutrino experiments provided
convincing evidence for neutrino masses and mixing [1], T2]erefore neutrino mass terms have
to be implemented in a quantum field theory Lagrangian. Hsisé may be connected with the dark
matter problem and the baryon asymmetry in the Universewduiise as the main open problems
of the standard cosmology. Even if the dark matter existémeddely accepted, we still do not
know which is the right dark matter particle. Many modelsgegj many different and interesting
candidates each of them with its own advantages and drawbagutralino and gravitino from
supersymmetry, extra dimensions [3], [4] and heavy Majana@utrinos [5], to cite few of them.
Finally the baryon asymmetry in the Universe poses a punztaridamental physics. In fact the
SM of particle physics contains all the requirements nesgst® dynamically generate such an
asymmetry but it fails to explain an asymmetry as large a®tieeobserved [6], which is by now
accurately determined by Cosmic Microwave Background (GMBisotropy measurements [7].

The dynamical generation of the baryon asymmetry in thessomtf quantum field theories of
particle physics is calledaryogenesisBaryogenesis through leptogenesis [8] is a simple mecha-
nism to explain this baryon asymmetry. In fact a lepton asgtnygnrmay be converted in a baryon
one by the sphaleron transitions which exist in the SM. Lgpt@sis may be implemented in a con-
servative extension of the SM adding species of right-handed Majorana neutrinos. A see-saw
mechanism (Type I) [5], [9] has to be considered to complegehbiasic scheme. Alternative sce-
narios are possible, such as supersymmetric leptogerd®giarid soft leptogenesis [11] involving
Majorana super fields. Therefore almost all the models d#sgrleptogenesis involve Majorana
fields because the inclusion of a Majorana mass is a simplaaalytain the lepton number viola-
tion needed for leptogenesis. Moreover Majorana fermioesansidered to be a basic ingredient
in models describing dark matter particles, such as theaed, gravitino and heavy neutrinos.

In models that try to explain the origin of dark matter, leggoesis or both, it is quite common
to find a heavy Majorana particle whose decay has a centrl talorder to obtain the desired
result for a lepton asymmetry or production of dark mattds fequired a departure from thermal
equilibrium, and this naturally happens in the regime

M>T, (1.1)

whereM is the mass of the heavy Majorana fermion dnthe temperature of the thermal plasma.
The relation (1.1) represents an important regime for batlk chatter generation and leptogenesis
mechanism. We want to stress the following aspects withioeldo (1.1): first, the heavy Majo-
rana fermion is barely affected by the temperature and it beagonsidered as a non-relativistic
particle in the plasma; second, we may perform computatibbsth scattering process and decays
involving the hard scal® putting T — 0 and introduce the thermal effects as small corrections
afterwards. The possibility to build up an effective fiel@dhny arises since a hierarchy of energy
scales exists and we may identify heavy degrees of freedeavy{hiMajorana fermions) and light
degrees of freedom (SM particles). This is important beeahsre are a lot of simplifications,
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arising from the fact that™/T is small, that are not obvious in the full theory Lagrangiai dre
implemented automatically by using the effective field tlygechniques.

As a proof of concept of the effective field theory (EFT), wengute in [12] the decay rate
for non-relativistic neutrinos within a hot plasma, thas lsdready been found in [13, 14] but with
a different computation procedure. In [14] an effectiveditieory is not set up and the imagi-
nary time formalism (ITF) [15] is used to deal with thermalraztions. In the present work the
real time formalism (RTF) [15] is exploited, which is suitato the extension to non-equilibrium
reactions. In [13] the real time formalism is also used, n&edess the use of an EFT simplifies
the problem of the doubling of degrees of freedom that aiisésis formalism, the details of this
will be explained later. In the future the EFT developed ig][dnd presented here can be used to
simplify computations of the decay rates taking into ac¢@mviolation and a medium far away
from thermal equilibrium, as well as studies of thermal &fen other models in which a heavy
Majorana particle appears.

2. Thermal leptogenesis and M ajorana neutrinos

In Sec. 4 and Sec. 5 we show the effective formalism at workspeific model as a proof
of concept. Therefore we briefly discuss its main featuresoAservative extension of the SM
Lagrangian may be obtained adding a setfofright-handed neutrinos. They are also caBeetile
neutrinosbecause they are singlet under all the gauge group of the Sivahgian. Different
models consider different number of sterile neutrinos &ed-agrangian may be written as follows

= - . M, —
L = Lom+iNidu PPN, — (FaiLaaRCDM - 7'N|°N| + h.c.> , (2.1)

where the Higgs doublet is embedded in thelefined asp = ig?¢*, N stands for the Majorana
neutrino,L, is the SM lepton doublet arak is the right-handed projector. The indelabels the
number of species of heavy neutrinos. In this simple extensf the SM the usual scenario that
is considered, callethermal leptogenesig@], consists of a hierarchical spectrum for right handed
neutrinos. In this scenario the lightest heavy neutrikg,is produced by thermal scattering after
inflation, and subsequently decays out of thermal equilibrin lepton number and CP-violating
processes still in a hot plasma environment. Hence a deepretiension of the interaction among
heavy Majorana neutrinos and light SM particle in a thernmairenment may be crucial for both
the production and decay processes relevant for the lepéggemechanism.

The temperature of the system has to be such that the thexptagenesis is efficiently active,
i.e. T=0(10f - 10°) GeV [16], [17]. This is the first relevant energy scale of #ystem under
consideration. In this framework all the SM particles arrthalized. Hence their four-momenta
are of the order off and we can consider them as massless particles. Because aufnsigler
only the lightest neutrino relevant for the leptogenesismaism we puM,—; = M. The lepto-
genesis mechanism starts when the heavy neutrino decdumieshe plasma reaching the out of
equilibrium condition. When the temperature dropdto: M, the decays of the heavy neutrinos
into leptons and anti-leptons become effective, being terse decays suppressed. During the
Universe expansion the decay process continues later be iretjimel < M fulfilling the relation
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in (1.1) and the inverse decays are almost not present inastemperature regime. With the ex-
ception of the model in [17] in general at least one heavyrreuhas a mass bigger than the EW
scale, therefore it is interesting to compute the decay i flnin the range

M>>T > My. (2.2)

3. Non-relativistic M ajorana fermions

In order to construct an EFT, one of the most important steps identify the correct degrees
of freedom in the given region of validity. In the presentec@ise correct degrees of freedom at
low energies are non-relativistic Majorana neutrinos. His section we derive the appropriate
propagator and the canonical anti-commutation relationghfe non-relativistic Majorana fields.
The main feature of a Majorana spingy; is the following

Um = (gm)°, (3.1)

where /¢ denotes the conjugate spinor aBds the conjugation matrix which in the Weyl basis

reads:
o (‘iaz _0> .
0 ioy

A Majorana spinor is thus self-conjugate, hence we have rospiith four real components at
the very beginning which are connected two by two. As a reselhave four degrees of freedom
taking into account the real and imaginary parts. On theraontl Dirac spinor has eight degrees
of freedom. Note that the combinatiofg/y) and (¢/(y) are non vanishing due to the Majorana
nature of the fermion. Let us discuss the suitable propadatdhe effective theory. In order to
do this it is convenient to remind what is the situation in tieavy quark effective theory (HQET)
[19]. In the HQET Lagrangian [19] the original QCD Dirac spirihat describes the heavy quark is
separated in a Pauli spinor field that describes only heasykquarticles and another Pauli spinor
field than describes only heavy quark anti-particles. Trafeuark particle is described by the
two component field, let us callfit It obeys, in the rest frame reference frame, to

1+)y°
~—h=h.

Moreover theh annihilates a heavy quark, and does not create an antigidarice theh field con-
tains only annihilation operators and satisfy the follogvagual-time anti-commutation relations:

{h“(z,t),hﬁ (y,t)} - {hﬂ(xt),hﬁ*(y,t)} —0, (3.3)

{h“(z,t),hﬁT(y,t)} — 53%(x—y) 5. (3.4)

We want to build an effective field theory for Majorana fermsdn a way similar to HQET. Hence
we consider a decomposition like in the HQET, involving netativistic projectors. We decom-
pose the four component Majorana spinor as follows

N = <#>N+<#>N:N<+N>. (3.5)

(3.2)

4
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According to the projectors properties and considering@miate hermitian conjugate quantities
one may get the following conditions:

No =iy”ND, N =iy?N] (3.6)

Referring to the relations in (3.6) one may argue that theriparticle-antiparticle disentangle-
ment unlike in the HQET case. This is in agreement with thedvéaja nature of the fermion: we
can not distinguish a particle from its own antiparticle viigheless by solving the Dirac equation
for a free Majorana field, one can check that in the non-rei limit the operator content dfl

is like theh field: N contains only annihilation operators. Starting from thpregsion of the full
relativistic Majorana spinors given in [20], we have ob&lrthe anti-commutation relations for the
non-relativistic spinor ending with the following result

{N2wO.NE D} = NN} =0, @7

(N2 OG0} = 8%(x—y) 5% (3:8)

The conclusion is that in the non-relativistic EFT the helslgjorana particle can be described
by only one Pauli spinor field, as opposite to what happenk héavy Dirac particles that need
two of them. This is basically due to the relation (3.1). Hinave provide the expression of the
non-relativistic propagator, describing the heavy degddreedom, and obtained in a way similar
to non-relativistic QCD (NRQCD) [21] (the difference besveHQET and NRQCD is just the
power counting). We obtain the following expression
1+ v°> / d*k  ie k) 520

(

o {neoon o} 0= (255 [ a0
Y

(3.9)

whereas the other possible time ordered combinations amshiag because they contain only
creation or only annihilation operators.

4. Effective Lagrangian and matching

We have defined both the hierarchy of energy scales and thergldegrees of freedom of the
low energy Lagrangian. The effective Lagrangian shouldadpce the propagation of the heavy
Majorana neutrinos and their interaction with the SM p&tic Another important step in building
the effective Lagrangian is to define the symmetries in ai@erite down all the possible operators
which they allow for. The symmetries are the Poincaré imveré and the gauge invariance. The
hard scale at which the low energy Lagrangian loses itsitiaiglM. It is also the scale entering in
the interaction terms to control the operator expansiore difective Lagrangian involves a string
of local operators describing the interaction among Majaraeutrinos and the Higgs field, heavy
quarks {,b), leptons and gauge bosons (see diagrams in Fig. 1). Acaptdithe temperature
relevant for the leptogenesis mechanism, well above 100, @e\tonsider the Higgs field and
gauge bosons in the phase in which the electroweak symnsetigtibroken. In the following we
do not use the subscripts for the non-relativistic Majoréglas as we did in Sec. 3 for illustrative
purposes. Therefore we identi§. = N. The effective Lagrangian can be written as

LEFT = N+ Lsv+ N-_sw (4.1)
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Figurel: The diagrams represent the effective vertices deriveddgffiective Lagrangian. They represent
the interactions among heavy Majorana neutrinos and Higysifi a), fermions inb) and gauge bosons in

C).

As in any EFT, the Lagrangian contains operators of any plessimension. These dimensions
are compensated by powers\fso that the action is dimensionless. According to this, tivalmer
of operators in the Lagrangian is infinite but we only needaisider a finite number of operators
to achieve a given precision. In our case we consider onlyabpes of dimension seven or smaller.
Z\ is the part of the Lagrangian that contains the kinetic tefine@avy Majorana particlesZsy

is the usual standard model Lagrangian and the last ternicikpteads

b
S su= SNNg' 0+ s NTND(,(pTDocp+—(NaRLa)(IDoLBaLNT)

M
|v|3 (NaRVuVVLa) (iDoLpy’y*a N") + |v|3 N'N (ta_y°iDot) +

. d]_ 2
WNTN (Gay"iDog) + st {TaTb} NNFSRS + 5N NW6WG:. (4.2)
In order to get a contribution for the decay rate process esel:ionly the imaginary part arising
from the Wilson coefficients in (4.2) because tadpoles onhytribute with a real part. Therefore
we focus on the derivation of their imaginary part in the rhatg procedure through the Green
functions, getting the following expressions:

Im(a):—i%\F\z)\, |m(b):—ii(3g2+g’2)yp\2

_-3 2 2_-i 2 2 2 1 2 2
1

lm(Ca)=—IETI)\thZIF|2 ,Im(cy) = —I—I/\tbl ?IF[?

1
m(d;) = —i——@?F|? , Im(dp) = —i——d?|F]?>. (4.3
(ca) agrd IFI7 Im(d) = —ig—g"|F| (4.3)
We use the notatiofF |2 = 3 _, FiF,. The power of dimensional analysis together with the
explicit expression of the effective Lagrangian allows aiptedict the thermal corrections to the
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Figure 2. The diagrams show a thermal loop affecting the propagatidgheoheavy Majorana neutrino
(thick double line). A scalar particle (Higgs field) is citating in the loop diagrams in a) and b) whereas
a fermion propagates in the loop diagrams in c¢) and d). Théldwuof degrees of freedom is taken into
account by the labelling 1 and 2 in each diagram. We may extnachermal correction to decay width by
the computation of such diagrams in the effective field thieor

decay rate due to each type of particle in the thermal plasma:

T2 T4 T4 T
g0 OTopd s, OTyOog, Trwl o

VER (4.4)

In the next section we explain how to calculate the thermakotions.

5. Thermal corrections and results

At this point we may get the thermal corrections as simpl@adésl diagrams build up using
the effective vertices in Fig. 1. Examples of such diagramesshown in Fig. 2, for a scalar and a
fermion particle, where the vertices are the ones obtainddd effective Lagrangian in (4.1). We
use the RTF (Real Time Formalism) to express thermal prapegyan the loop. Dealing with RTF
one has to consider the doubling of degrees of freedom (foerdetails see [15]). In principle
one has to take into account the configuration of the fieldaw1s in Fig. 2, considering both
the fields of type 1 and 2. However the doubling of the degréégedom actually does not affect
our computation. The reason is that the inclusion of anyexeof type 2 fields involving a heavy
Majorana fermion in time-ordered Green functions requites inclusion of a heavy Majorana
propagator of type 21, but in complete analogy with the hequgrk in HQET [22], this is zero.
As a consequence all the vertices involving heavy Majorananibns can be considered to be of
type 1. Therefore in a one loop computation in the EFT onlyfiblels of type 1 are taken into
account and hence the 11 component of the thermal propagaitiich is the only one we need for
this computation. The 11 component of the thermal propag#t@ave the following expressions for
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bosons and fermions respectively:

.4 .
00-) = [ v | s + @One(ha(P )| s

4

sy — [ 9P N 2_ —p(x-y)
6-9) = | ma (P | s — (20ne o) (P e 52)
The procedure to extract the decay width is the following. A& pute
(QIN'(ONT (y)|Q) (5.3)

whereQ is the minimal energy state. In momentum space this Greestiumhas a pole around
ko ~ =+ from which we can identify the decay width

2
iZ iz . r i
KO- o —0E+i5  KO—So+ie KO— o +ie

The thermal effects are going to come from the loops cowosstto this Green function. As an
example let us consider the contribution from the term pridpoal toa in the EFT Lagrangian in
eq. (4.2) represented by the diagrajin Fig. 1, which reads

(0] [ N GONT (y)N™(ONS(0) g ) (1) 0) (55

The first term of the scalar propagator gives a vanishing tifyegince a scale-less integral in di-
mensional regularization. The second term, which contéi@shermal Bose-Einstein distribution,
gives

ia d4k d4€ i ’ —ik(x—y) 1+VO 2\ 2
W/ @nt (2n ><ko @ ,£> o e (2F ) (2r0ne(|£)5(%)3.  (5.6)

where/H is the momentum circulating in the thermal loop. One getmfex. (5.6) the leading
thermal correction to the heavy Majorana decay width dubediggs field which reads

|F[2A T2
8mr M’

where we used them(a) in eq. (4.3). We stress that the power counting already gedlisuch
result in (4.4), revealing the power of the effective Lagian approach. Performing the thermal
loop for all the particle species in the plasma we finally etdecay width at finite temperature

o= e () () o () e )
(5.8)

The expression in eq. (5.8) agrees with the result calalli@tg¢l4] and it has been computed in
[12] within an effective field theory framework.
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