PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA

RECEIVED: July 6, 2007
REVISED: August 16, 2007
ACCEPTED: September 5, 2007
PUBLISHED: September 21, 2007

CP violation in scatterings, three body processes and
the Boltzmann equations for leptogenesis

Enrico Nardi,”* Juan Racker® and Esteban Roulet¢

®INFN, Laboratori Nazionali di Frascati,
C.P. 13, 100044 Frascati, Italy
bInstituto de Fisica, Universidad de Antioquia,
A.A. 1226, Medellin, Colombia
¢CONICET, Centro Atémico Bariloche,
Awvenida Bustillo 9500 (8400) Argentina
E-mail: enrico.nardi@lnf.infn.it, racker@cab.cnea.gov.a1,

froulet@cab.cnea.gov.ay

ABSTRACT: We obtain the Boltzmann equations for leptogenesis including decay and scat-
tering processes with two and three body initial or final states. We present an explicit
computation of the CP violating scattering asymmetries. We analyze their possible impact
in leptogenesis, and we discuss the validity of their approximate expressions in terms of
the decay asymmetry. In scenarios in which the initial heavy neutrino density vanishes,
the inclusion of CP asymmetries in scatterings can enforce a cancellation between the lep-
ton asymmetry generated at early times and the asymmetry produced at later times. We
argue that a sizeable amount of washout is crucial for spoiling this cancellation, and we
show that in the regimes in which the washouts are particularly weak, the inclusion of
CP violation in scatterings yields a reduction in the final value of the lepton asymmetry.
In the strong washout regimes the inclusion of CP violation in scatterings still leads to a
significant enhancement of the lepton asymmetry at high temperatures; however, due to
the independence from the early conditions that is characteristic of these regimes, the final
value of the lepton asymmetry remains approximately unchanged.
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1. Introduction

Leptogenesis [[l] provides a very attractive scenario to generate the baryon asymmetry of
the Universe. Indeed, the existence of heavy right handed neutrinos is strongly motivated
by the see-saw mechanism [ff] introduced to generate the observed light neutrino masses.
The Majorana nature of the right handed neutrinos implies violation of lepton number,
the large values of their masses imply that the out of equilibrium requirement can hold
when they decay, and moreover these decays can be CP violating due to the phases that
are generally present in the Yukawa couplings with the lepton doublets. Since the three
Sakharov conditions [fJ] can be met, the question then is a quantitative one, i.e. whether
the asymmetry generated in these scenarios is large enough to account for the observed
value.

In recent years, quantitative analyses of leptogenesis have become more and more
sophisticated, taking into account many subtle but significant ingredients, such as several
washout processes [, [, fi, B, proper subtraction of on-shell heavy neutrino intermediate
states []], thermal corrections to particle masses, couplings and decay asymmetries [,
spectator processes [[0, [LT]], flavor effects [[J—[[J], and the possible effects of the heaviest
right handed Majorana neutrinos Ny 3 [, 2J—P9] (for reviews of the most recent results
see [23)).

The aim of this work is to discuss in some detail the inclusion of CP violation in scat-
terings, and of processes involving two and three body initial or final states. In section
2 we derive the Boltzmann Equations (BE) involving these terms and obtain a general
parameterization for them. In section 3 we present a detailed computation of the CP vi-
olating asymmetries in scatterings in zero temperature field theory. These asymmetries



have been considered before in the limit in which they are proportional to the CP asym-
metry in decays [fi, [Lf], and we discuss here the validity of this approximation. In section
4 we stress how in the thermal leptogenesis scenario, when one starts with a vanishing
initial abundance for the right handed neutrinos and assumes that no other interactions
besides the Yukawa couplings can produce them, washout processes are essential to gen-
erate a lepton asymmetry. This is due to the fact that the lepton asymmetry produced
at early times (mainly through scatterings mediated by off-shell NV} and processes produc-
ing real Ni’s) tends to be compensated by the opposite sign asymmetry produced at late
times (when Nj disappearance processes become the dominant source). The inclusion in
the BE of CP violating asymmetries in scatterings is important to make this cancellation
complete. In the presence of washouts, the cancellation can be partially avoided because
washout processes erase slightly more efficiently the asymmetry produced at early times
than the asymmetry produced at later times. However, when washouts are particularly
weak the cancellation remains effective, and in this case the inclusion of CP violation in
scatterings leads to a sizeable suppression of the final lepton asymmetry. In the strong
washout regimes washout processes attain thermal equilibrium, thus erasing any depen-
dence from the earlier conditions and in particular from the large asymmetries generated
by the scattering processes. Since at lower temperatures the contributions from scatterings
are highly suppressed and the lepton asymmetry is essentially generated through decays,
for the strong washout regimes the inclusion of scattering CP asymmetries leaves the final
results approximately unchanged.

2. The Boltzmann equations

We consider thermal leptogenesis scenarios with hierarchical heavy neutrinos N, i.e. with
masses My 3 > M. We will focus on the evolution of the lightest one, that in this section
will be denoted simply by N, and we will ignore the possible contributions from the heavier
neutrinos No 3 [BF except for their virtual effects in the CP violating asymmetries.

Let us first introduce some notation. We denote the thermally averaged rate for an
initial state A to go into the final state B (summed over initial and final spin and gauge
degrees of freedom) as:

'yg =~(A — B), (2.1)

and the CP difference between the processes for particles and antiparticles as

AvE =75 — 5 (2:2)

Particle densities are written in terms of the entropy density s, i.e. Y, = n,/s where n, is
the number density for the particle a. To simplify the expressions we rescale the densities
Y, by the equilibrium density Y;* of the corresponding particle, defining y, = Y,/Ya ",

while the asymmetries of the rescaled densities are denoted! by Ay, = vy4 — va-

1 The notation adopted here differs from the notation used in [E, @] in which the symbol y,, rather
than Ay,, was used to denote the asymmetries of the rescaled densities.



The difference between a process and its time reversed, weighted by the densities of
the initial state particles, is denoted as

[A— B]= (Hya> <Hyb>m, (2:3)

where the state A contains the particles aq, ..., a, while the state B contains the particles
bi,...,by. We will consider only processes in which at most one intermediate state heavy
neutrino N can go on the mass shell, and in these cases a primed notation 7%4 will refer
to the rates with the resonant intermediate state (RIS) subtracted (and similarly for [A <
B)’). Accordingly, a process A — B of this kind will be divided into a RIS subtracted
(off-shell) piece, and a second part corresponding to on-shell N exchange:

A
75 =75+ 1" (24)
In the simple case when only 2 <+ 2 scatterings are considered, the on-shell part is just

¥*% = WBE, (2.5)
where BY denotes the branching ratio for N decays into the final state B. (As is discussed
in section R.9, the inclusion of 2 « 3 scatterings, and in general of processes of higher order
in the couplings, implies that eq. (R.5) needs to be generalized.)

In the following two sections we will write down the BE for the evolution of the density
of the heavy Majorana neutrinos N and of the asymmetry for a generic lepton flavor .
We will first consider in section P.1 the leading terms involving the Yukawa couplings
(generically denoted as \) of the neutrino N to the Higgs boson H and to a light lepton
doublet ¢;. In section P.J we will include the additional contributions arising from processes
involving also the top Yukawa coupling h; and the gauge interactions. Accordingly, the
contributions to the evolution equation for the N density will be split in two parts:

Y = <YN>1 + <YN>H’ (2:6)

where we have introduced the notation Y = szHdY/dz, with z = My /T and H(z) being
the Hubble rate at temperature 7. In eq. (R.6) <YN)1 includes the contributions of terms

up to O(\?), while <YN>H includes the contributions up to O(A\2h?) or O(A\?¢?), with g a
generic gauge coupling constant.

The contributions to the evolution equation for the density of the lepton flavor i will
also be split in different parts:

YLi = (YLz> + <YL1) + <YL1) ) (2'7)
I II sphal

with Y7, = 2Y, +Y¢,, where the factor 2 comes from summing over the densities of the two
gauge degrees of freedom in ¢;, and the inclusion of the density Y., for the right-handed
lepton e; is required because the L-conserving charged lepton Yukawas can transfer part
of the asymmetry to the right handed degrees of freedom. In eq. (R.7) (YLZ.>I includes the



contributions of terms up to O(A\*), while (YL,) " includes the contributions up to O(A\*h?)
or O(M\g?).

The last term <YL1) - represents the change in the lepton densities due to elec-
spha

troweak sphalerons, which are the only source of baryon number violation. Although the
precise rates of sphaleron effects are hard to estimate, one knows that they are efficient
below T ~ 10" GeV and that they leave unchanged B — L. Moreover, sphalerons gen-
erate the same change in the baryon number of each generation, in fact one has that
(YALi)sphal = (YAB)sphal/?), where Yar, = Y, — Yy, and Yap is the baryon asymmetry
to entropy ratio. Hence, it is convenient to write directly an equation for the quantities
YA, = Yap/3 — Yar, which do not depend on the sphaleron rates. By subtracting from
eq. (R.7) the analogous equation for YL and by subtracting again the result from the equa-
tion that describes the evolution of the baryon asymmetry, (Ya)/3 = (YaB)sphal/3, one
obtains

Ya, == (YALi)I B <YALZ')H ' (2:8)

2.1 1+ 2 and 2 « 2 processes

Let us briefly sketch the way in which the BE are obtained, by considering first the lepton
(flavor) number violating 2 < 2 scatterings mediated by N exchange, that is (;H < ¢;H
(with j # 4) and ¢;H < ¢;H. The BE describe the evolution of the particle densities at
any given time, but since the Universe is expanding, the temperature is decreasing and the
particle densities are changing, only processes that to a sufficiently good approximation can
be described by (effective) contact interactions can be consistently included. However, the
2 < 2 scatterings we are considering can proceed through the exchange in the s-channel
of an on-shell NV, and in this case they are characterized by a time scale that can be
comparable to the expansion rate of the Universe (at T' ~ Mj). Therefore they cannot be
approximated by a contact interaction, and must be treated with care. The usual way to
deal with this is to separate the off-shell part of the scatterings from the on-shell piece, i.e.

4;
Vi

T

10, H osl; H
= (2.9)

and similarly for /;H < ¢;H. Then, at each given time, the evolution of the density of the
lepton flavor L; is determined by the following (instantaneous) reactions:

(i) N — ¢;H decays occurring at a rate proportional to the density Yy of the right
handed neutrinos, and ¢;H — N inverse decays;

(ii) off-shell 2 « 2 scatterings VZJI;{ and 72@? involving only the exchange of virtual N’s
(in the first process N can be exchanged in both the s and ¢ channels, while in the
second process only in the s channel);

(iii) 2 < 2 scatterings ng and WHgﬁ with N exchanged in the ¢ and w-channels (in
these cases no RIS can appear, and hence there are no on-shell contributions to be
subtracted).



The corresponding BE then reads:

(YL">1 - <YL1')1<—>2 + <YL1'>:;b2 + <YL">;V;2 ’ (2.10)
where
<YLi>1Hg = [N < 4:H), (2.11)
<YLi>ji)2 =168 < GH) + Y [6H < H], (2.12)
j i
(YLJ;V;Q = S {[HA < 0] + (1 + 6) [HH < £:6;]}. (2.13)
J

It is important to remark that while eq. (.11]) contains processes of O(A\?), both eqs. (2.13)
and (R.13) contain only non-resonant scatterings, that are O(\?). However, while in a
first approximation the contributions in eq. (B.13) may be neglected, the inclusion of the
off-shell contributions of eq. (R.13) is mandatory. This is because the CP asymmetries
of the subtracted rates are of the same order than the CP asymmetries of decays and
inverse decays, and therefore neglecting them would yield inconsistent results. We can now
subtract from eq. (2.10) the analogous equation for Y7, and write separately the source
and washout contributions to Yaz, = Y7, — YL as:

. . S . w
(Var), = (Var.) + (Yar,) - (2.14)

1 1 1
At the leading order, the source term receives contributions from the 1 <> 2 decays and
inverse decays in eq. (R.11)) and from the off-shell parts of the 2 « 2 scatterings in eq. (2.19),

while the CP asymmetries of the ¢- and u-channel processes in eq. (B:13), being of higher
order in the couplings, can be neglected. We can then write the source term as:

. s . s . s sub
<YAL,~> = <YAL,-> + (YALZ-) , (2.15)
I 12 242
where
. S N
(YALi>1 , = v+ DM (2.16)
. s sub 5
Y, ) —9 Ayt Ay 2.17
( AL 2459 ZJ: T eH +; R ( )
VED

In order to proceed we now use an important relation that states that the CP asymme-
tries in the off-shell scatterings are, to leading order in the couplings, equal in magnitude
and opposite in sign with respect to the CP asymmetries of the corresponding on-shell
scatterings:

AY'f = —Ayg. (2.18)

To derive this relation, we first substitute the definition of the off-shell rates in eq. (.4)
to get Ay ’g = A7§ — Awos‘g and then we use the fact that the CP asymmetry of any



process is always of higher order in the couplings with respect to the corresponding tree
level process [R4]. Thus the CP asymmetries A’yﬁjg and A’yﬁjg of the full 2 «» 2 scatterings
are O(A%). On the other hand, the CP asymmetries of the on-shell pieces are of O(A%).
This can be seen by writing them in terms of eq. (.5) to obtain

Avg

tot

AY*3 = Ay BE + 7k ~ BYAvY — BEAYY. (2.19)

In eq. (RB.19) 7iot is the total N decay rate, and we have used A%‘% = Awg = —A~% where
the first equality follows from the CPT relation (A — B) = y(B — A), and we have
approximated at leading order Bg ~ B]Ay . This shows that Avos‘g (and hence Av’g) is
of the same order in the couplings as the CP asymmetry in decays Ay} (that is O(\)).
Therefore, up to O(A°®) corrections, the contributions of the off-shell rates in eq. (R.17) can
be written as

s sub

y ~Y N N N7

(YALZ,)M ~ —2A Ny, Z <ng i+ B) H) . (2.20)
J

Here Bé}[ y represents the branching ratio for the decay N — ¢;H. At the order in the

couplings we are working here (Bé}[H + ng) ~ 1 and therefore the r.h.s. of eq. (2.20)
can be further simplified to —2Afyg - After summing up the two contributions (2.16)
and (R.2(), the source term <YL1)I in eq. (B-15) becomes proportional to yy — 1. This is
in agreement with the general condition that no asymmetry can be generated in thermal
equilibrium, and constitutes a check that, at this order, all the relevant contributions to
the source term of the BE havewbeen included.

The washout term <YA Li)[ in eq. (R.14) contains the terms proportional to the light

particle asymmetries, and is the sum of three different contributions obtained by subtract-
ing from eqs. (R.11))-(R.13) the corresponding equations for Yz . It can thus be written

as . w . w . w,sub . w,Nt
<YALZ-) = (YALZ-) + <YAL,-> + <YALZ-) . (2.21)
1 12 22 252

After linearizing in the CP asymmetries and in the asymmetries of the normalized densities,
these contributions read:

. w .
<YAL1-)1 L= —(Ayy, + Ay, (2.22)
w,sub
. 5 . fiH i i
(Vo). = =D [(Aue + Ayw) (V5 +7/60) + By, + Bym) (Vi =500
j

. w,Ni 0, 0,
(Yar.), | = =2 [(1+8)(Bye, + Ao, +28ym)v5 + (Bye, = Dye g | -
J

One can estimate the off-shell parts in eq. (B.23) by introducing a subtracted propagator
for N, or alternatively eliminating the 4/ by means eq. (R.4).

Finally, to compute the lepton asymmetry we also need to solve for the evolution of
the heavy neutrino density yx that appears in the source term eq. (R.16). To the leading



order in the couplings, the corresponding BE reads

(Y), = S {ltsH = NI+ [GH < N p = —(x = D, (2.23)

where fyg -2 _ Zj (fyé}f ot ,Yé\( H) is the thermally averaged two body N decay rate, and we
J
have approximated the leptons and Higgs particle densities with their equilibrium values.

2.2 1+ 3 and 2 < 3 processes

We are now ready to generalize the above procedure to include processes involving the
Higgs Yukawa coupling h; to the right handed top quark, which is sizeable. Processes
involving gauge bosons can be included in an entirely similar way and will be mentioned
later.

The inclusion of AL = 1 processes like N « £;Qt decays and inverse decays (where @ is
the left-handed quark doublet and ¢ the right-handed top singlet) and scatterings mediated
by Higgs exchange like N/¢; < Qt, follows along lines analogous to those presented in the
previous section. For the evolution of the heavy neutrino density we obtain

(Yw), =l =0 [~ 4257 (2.24)

where

’Vgﬂzs = Z 'Yg Ot + ’7@ Qt) (2'25)
J

is the contribution from decays into three body final states, and the contribution from
Higgs mediated scatterings is

Yol = ( ; +7Q,/ 0 0 S+ +wé]%> : (2.26)
j

where the first two terms in the sum correspond to the contributions from s-channel Higgs
exchange, while the other four terms (that at leading order are all equal) correspond to
the contribution from ¢ and u channel Higgs exchange.

Regarding the evolution of the lepton asymmetries, the derivation of the BE is more
delicate because, besides the inclusion of the CP violating asymmetries in 1 < 3 decays
like N < £;Qt and in 2 < 2 scatterings like N/; < Qt, the asymmetries of various off-shell
2 « 3 scatterings, that contribute to the source term at the same order in the couplings,
should also be included. Accordingly, the term (YLi>II in eq. (R.4) can be written as

<YLZ'>H - <YLZ'>1H3 * (YLi>Zl;b3 * (YLi)Nt (2.27)

252 23



with

(YLZ)%:% = [N < 6Qt) + [QF — N + [NT < QU] + [NQ « t;]; (2.28)
. sub _ _ _
<YLi>2<—>3 = ; {[@H — Qt@i]' + [@HQ — t@i]l + [@Ht — Q&]’
+ [6;Qt = LH) + [4,Q < GHE + [(jt < LHQ)'}
+> AGH < 6] + [ HQ — t4] + [(HE — QU] + [(;Qt — (;H]
j

+3 (1 +6;)[QF < GHLG) (2.29)
j
. N _ _ _ _ _
<YLZ~>2H3 = ; {[6;Q < GH] + [(;H < L0 + [(Ht « Q] + [(;HQ « L]}
+Z {[QEH — Zj@i] + [QtH — @j&‘] + [QH — Zj&ﬂ + [tH — ZJ&Q]}

+ Z(l +0i5) {[tH — 4;Q0;] + [QTH « (;45] + [QH « (;tl}]} . (2.30)

As in the previous section, the asymmetries of the off-shell 2 < 3 rates in eq. (R.29) can
be estimated by relating them to the asymmetries of the corresponding on-shell parts.
However, for 2 < 3 scatterings the definition of the on-shell part is more subtle, because
after a real N is produced in a collision, it has a certain probability to scatter before
decaying. Let us consider for example the process ¢;H(@) — t{;. The contribution to this
process from the exchange of an on-shell N corresponds to the production process £; H — N
followed by the scattering N + () — t¢; mediated by a Higgs in the ¢ channel. Processes of
this kind can generally be written as AX — Y where A denotes a possible state to which
N can decay. The corresponding on-shell rate then is

P = AP, (231)

where we have introduced the quantity P{,V X that is the probability that the heavy neutrino
N will scatter with X to produce Y. Processes in which the on-shell NV can disappear only
by decaying (as for example (;H < 4;Qt or Uit < (;HQ) can generally be written as
A — Bor as X — BY where both A and B denote possible final states for NV decays. The
corresponding on-shell rates are

V5 = WPE, (2.32)
By = Yy PE (2.33)

Note that because of the fact that in the dense plasma N can suffer inelastic scatterings
before decaying as is described by eq. (R.31)), the quantities P2 in egs. (2.32) and (R.33)
differ from the usual notion of branching ratios at zero temperature. In particular, scat-
tering rates should also be included in normalizing properly the decay probabilities, and



the quantities P then will denote the general probabilities that the heavy neutrino N
contained in state a ends up producing state b. In the case under discussion, we have for

example
N N
’ Yall LRy
NY; NQ Nt
) Yor Yep. = Yop.
Nt Qt NQ _ tl; Nt __ QY;
Por' =~ Pu'=—— Po,=7 (2.34)
Yall Yall Yall

with similar definitions for the probabilities of the CP conjugate processes. The probabil-
ities are normalized in terms of the sum of all the rates, that reads

NY; N¢; NQ N £
Y = > (Virr +V0m + Veoe + Veoi + Vot gy e+ e + e+ ig)- (235)

7

To the order in the Yukawa couplings that we are considering, the unitarity condition for
the sum of the branching ratios of N into all possible final states ) B{/V = 1 is then
generalized to ) Xy P{/V X = 1. That is, the probabilities for all the possible ways through
which N can disappear add up to unity.

To include the new sources of CP asymmetries, we now need to subtract from
egs. (2:28)-(R.30) the analogous equation for Y7 . We obtain

. . . s, sub

(Varic = Var)iog + (Van), s (2.36)
2¢52 23

where we have neglected the CP asymmetries of the 2 < 3 processes with N exchanged

in the t-channel since they are of higher order in the couplings. For the first term in the

]

r.h.s. of eq. (R.36) we have
. _ N .
(Yar)jos = (n +1) | A, + Ays + A2 — Ay (2.37)
22

After eliminating the subtracted rates by writing their CP asymmetries as minus the CP
asymmetries of the on-shell rates and keeping terms up to O(A\*h?), we obtain for the
second term in eq. (R.36)

s, sub -
. ; N i
(Yan.), . =289 (13 (PRa+PYg) | -2 [Alig+ 20 + AR - A

23 -

J
(2.38)

Note that at order O(A*h?) eq. (B:20) reads
s sub
. N N N
(Yar.),, = 2898 > (Pn + Pg) - (2.39)
J

where the sum of the probabilities > i <sz;{ gt PZN H) is not unity. However, the first term
J

in eq. (R.3§) conspires with eq. (£.39) to yield the correct behavior for the source term
involving A%{YH, that turns out again to be proportional to (yy — 1). By summing up



egs. (B.16), (.37), (2.39) and (R.39) we obtain the final expression for the source term that
holds at O(A*h?):

(Yar)ierr = (yv — 1) [AW i+ Mo+ A% L+ Ay, e A7 ] : (2.40)

Regarding the washouts, the contributions from eqgs. (2.28)-(R.30) after subtracting
the analogous equations for Yii can be written as

. w . w . w, sub . w, N¢
(YALi) = <YALZ~>1<—>3 + (YALi) + (YALi) ) (2.41)
11 22 23 23

where
. w _ N Qf
Yar, J1o8 = |(Ayo = Ayr — Aye) v + (AyQ — Ayt — ynAye )7y,

+ (Ayq — yn Ay — Aye Bt + (v Ay — Ay — Ay )] (242)
- w, sub 0H | 1 H ¢; HE
(YAL )% => { (Aye; + Ayg — Ay + Ay — Ayy,) (WIQ,% Yy, Q+7,QJ&_ t)
J#i
105 Qt

(% (21
+ (Byy; — By + Ays — Aym — Ayy,) <7Hg + ’y},tf + Vg, >]
+ Z [(=Aye, + Ayg — Ayy — Ay — Ayy,) x

W, H W, HQ 18, Ht 12;Qt 12;Q 18;t t
(7 s, YVl Y Vou T VHG Ve T Vgmet (1405 )WQ?H@)

Qte;
+ (Aye, — Aygq + Ayt — Ayg — Ay, )’VQQLZ
. w, Ny ?;
(YALi>2H3 = Z [(Ayzj + Ayq — Ay + Ayn — Ay, )WHZQt (2.44)
j#i

z JHt 2 HQ

+> [(Ayej + Ayq — Ayt + Ay — Ayy, )V%H
j

+(Aye, + Ayg + Ay — Ay — Aye)7HG,,

+ (Aye, — Ay + Ay — Ay — Ayy,) <74QZH + fg )]

+ {(1+5z‘j)(—Ayzj+AyQ—Ayt—AyH—Ayei) (’u L, Hh 0k, ) }
j

We can now summarize (and slightly generalize) the procedure for writing the BE for

leptogenesis. Ignoring processes with more than one NV, one can write them as

Yv =—n—1> " (Yaw) =y — 1)) [Li(B) — Li(A)] Ay, (2.45)
AB

(Yar)"” =Y _[Li(B) = Li(A)] | yv* > Ata, — Y32 D Ay, | 7', (2.46)
a; b;

A,B

)

,10,



where in the first two equations the states A and B contain only light standard model
particles, while in the last one for the case in which no on-shell intermediate N is allowed
in the process A — B, one has simply 7/ g = 7?;- In these equations L;(A) denote the 4
lepton flavor number of state A while ng = 0 or 1 counts the number of N’s contained
in state A (and similarly for L;(B) and ng). To avoid double counting in both equations
the sums are restricted to L;(B) > 0 and L;(B) > L;(A), where the first restriction avoids
double counting the CP conjugate processes with ¢; in the final states, and the second
restriction avoids double counting the time reversed processes where the number of ¢; in
the initial state is larger than in the final state. In the equation (R.46) for the washouts
the a;’s and b;’s denote all the particle species with non-vanishing asymmetries contained
respectively in states A and B. Let us note that in the cases we have been discussing all
the CP violating asymmetries appearing in eq. (R.45) have L;(B) — L;(A) = 1, and thus
the expression for the source term can be accordingly simplified. However, this is not true
for the washout term since some processes with L;(B) — L;(A) = 2 also contribute.

Several contributions that we have included for consistency and for completeness, for
practical purposes can be neglected without affecting sizably the numerical results. This
is the case for example for all the non-resonant 2 <> 3 washout terms. Also the inclu-
sion of N decays into three body final states has been carried out mainly for the sake of
completeness, that is to account for all the processes of the same order in the couplings,
and also to incorporate consistently those 2 < 3 scatterings for which the on-shell piece
involves precisely a 1 — 3 decay, as for example {;H — N — ¢;Qt. However, the overall
impact on quantitative results of the three-body decay CP asymmetry Afyg Ot (as well as
the contribution to the washouts of 3 — 1 inverse decays) are rather small. This is because
while e.g. Afyg Ot involves the same CP violating phase as Afyg > it also has a significant
suppression factor arising from three body phase space. The explicit expression for the
three body decay rate is presented in the appendix.

Following the same procedure outlined above, it is possible to include in the BE other
relevant processes, such as those involving the gauge bosons [fi, {]. With all the subdom-
inant terms neglected and with the effects of the gauge bosons included, the simplified
expression of the BE for the evolution of Yy reads:

Yv=—(yn—1) [ 2+ +7 7], (2.47)

where the term involving the gauge bosons is defined as

- Nt NG NH ,_  NH ,  NA ___NA
A2 = Z( Al T VAE T VA T Yag;, Y gH +7@-H) ’ (2.48)

J

where A = W; or B for SU(2) and U(1) bosons respectively, and a sum over all the gauge
boson degrees of freedom is understood. In eq. (R.47) (as well as in eq. (2.5() below) we
have neglected three-body decays like %]X e, Involving the gauge bosons because, similarly
to the three-body decays involving the top quarks, they are suppressed by phase space
factors and give negligible contributions, and we have also neglected the contributions to
the washouts from 2 <« 3 processes. The simplified expression for the evolution equation
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for the charge YA, = Yap/3 — Yar, that is conserved by sphaleron interactions, is:

YVa, = (YAZ,)S + (YAZ)U), (2.49)

(Va.)" = (v =1) [ A+ AyNG+ AyE — Anfl - A+ A+ A403] . (2.50)
<YA¢) = (Ayp, + Ayp)yi?

L; )
+ Z [(Ayei + Ayn) <7’§ Ty Ié) + (Aye; + Ayn) (7’5 o '/ﬁjg)]
lil; 0,45
+ Z [ (14 055)(Aye, + Aye, + 28yn) v g + (Dye, — Ayej)vgé] (2.51)

+(yNAyzi — Ay + Dyvget — (unDyg — Ay — Aye )y ?
—(—yn Ay + Ayg — Ay )5y, — (un Ay, + Ayr)vh g
+(ynAym + Aye)YAF + (Dyu + Aye) v

Before concluding this section one more remark is in order. To solve the set of coupled
BE for the different lepton flavors it is necessary to express all the normalized particle
asymmetries Ay, and Ay in terms of the relevant charge asymmetries YA, (and use the
relation Ayg — Ay, = Ay /2). In doing so one has to take into account the constraints
on chemical potentials enforced by the reactions that, in the particular temperature range
in which leptogenesis occurs, are faster than the Universe expansion [[1, P§|. Although
we have written the equations for a generic asymmetry Y, of one of the three flavors, it
is important to keep in mind that when no lepton Yukawa couplings are in equilibrium
(T > 10'2GeV), one has just an effective one-flavor equation for the asymmetry in the
lepton £ coupled to the lightest heavy neutrino N. When just the 7 Yukawa coupling is
in equilibrium (10° GeV < T < 10'2GeV) two flavor components are relevant, £, and /,,
where £, is the component of the lepton doublet produced in N decays which is orthogonal
to £, [[4]. When also the u Yukawa coupling is in equilibrium (7" < 10° GeV) the three
flavor components of £ are completely projected out by the Yukawa interactions, and the
full set of equations for the three Ya,, with ¢« = e, p, 7, is needed.

3. The CP asymmetry in scattering processes

We will now study the CP asymmetries in 2 — 2 scattering processes involving the top
quark and with a Higgs exchanged in the s or in the ¢ channels. These asymmetries were
considered previously in [[i] and [[If] where some arguments were given in support of an
approximate equality between the scatterings and the decay asymmetries, as for example:

Anyt N Afyg H

We, o

(3.1)

In this section we will explore the validity of this kind of approximations.
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The Lagrangian for the Yukawa interactions relevant for the computation of the as-
sociated CP asymmetries, written in the mass eigenstate basis of the heavy neutrinos
Ny(a=1,2,3), of the charged leptons (i = e, u, 7) and of the quarks, reads:

Ly = —Xia Nagi fIT — h @tﬁ + h.c. . (3.2)

Here H = (Ht, H%)T is the Higgs field, with H = imyH*. Like in the usual case of the
CP asymmetries in N decays, the CP asymmetries in scattering processes arise from the
interference between the tree level and one loop amplitudes. They can be computed by
explicit evaluation of the corresponding loop integrals, or just by using the Cutkowski rules
that give directly the absorptive part of the Feynman diagrams.

The vertex contribution to the CP asymmetry in the scattering Qt < N,¥; with
the Higgs exchanged in the s-channel arises from the interference between the diagrams in
figure fl(a) and [l(b). Expressed in terms of the CP difference between the squared invariant
amplitudes |M|? — |[M|? this contribution reads

- - 6 p1 - p2 P - P
[M(QF = Nati) P — [MP] (vertex) = —— =312 u|* x
2 2 2 2
S T A5 (AT A) g s 1_MQ+QMB * n |MO‘+J\§5 |
5 s—Mz Mz—s M
2 2 2 2 2
s A2 S_Mﬂ—i—Ma—i_Mﬁ_sln s| Mg + Mj — s| (33)
s s s — M2 M3M? B

Here 6 is the step function (f(x) = 1 for x > 0 and 0 otherwise), s is the squared center
of mass energy, pi1,p2,p| and p5 are the momenta of ¢, Q,¢; and N, respectively, and Mg
is the mass of N (note that for = o there is no contribution since the product of the
relevant Yukawa couplings is real). The overall factor of 6 corresponds to the summation
over the gauge degrees of freedom. Note that the term proportional to (s — M 5) appears
due to the possibility of performing a new cut in the one-loop graph in figure [l[(b) involving
the Ng and lepton lines. Since Ng can go on-shell only when the center of mass energy
is sufficiently large (s > M 62) this contribution is relevant only for temperatures not much
smaller than Mpg. Our results hold in the zero temperature limit; in particular we take all
the particles, except the heavy Majorana neutrinos, to be massless. At high temperatures,
finite temperature effects can induce non negligible corrections to our expressions. In
particular, when M; < My (T) + M,,(T) (implying that decays and inverse decays are
blocked [[]) we expect that thermal masses will also have the effect of suppressing the
scattering CP violating asymmetries.

Due to crossing symmetry, the CP asymmetry for the processes Not — QF¢; and N,Q —
tl; in which the Higgs is exchanged in the t-channel can be obtained from the previous result
by replacing the Mandelstam variable s by ¢t. Note that for massless quarks ¢ < 0 so that
0t — M 5) = 0 and hence in this case no new cut is present.

The cross sections are obtained by integrating the modulus squared of the invariant
amplitudes:

1 ‘p/l‘ 2 10/
= Q A4
o 612 (By + ) / |IM]|*dQ7, (3.4)
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Figure 1: Diagrams contributing to the CP asymmetry in Qt < N,/; scatterings.

where p; = (E;, pi), p; = (E., p;) (i = 1,2) are the momenta of the initial and final particles
respectively, and the cross section for the CP conjugate process & is defined in the same
way. In terms of the cross sections, the CP asymmetry of the s-channel scattering is:

1 X, [0(QF = Naty) + 9]

[0(Qt — Nut;) — ) (vertex) =

8 AN aa
¢ rt My Mg MZ + Mj — s |MZ + M7 — 5|
> ImAia A5 (ATA) gal el e -
ﬁ « « 5
s—M?2 M2+ M2—s s|M2 4+ M2 — s
0(s — M3) b i - ans (3.5)
s s— M2 MjzM3

Unlike what happens in the case of decays, the asymmetry o — & of the scattering rates
now depends on s, so that the convolution necessary to obtain the asymmetry Awgz of
the thermally averaged rates doesn’t lead to a simple analytical expression, and has to be
performed numerically.

For the CP asymmetry in the t-channel scattering there is no simple analytical ex-
pression. Also, the usual infrared divergence appears in the limit ¢ — 0, which can be
regularized by replacing the factor 1/t coming from the (massless) Higgs propagator by
1/(t —m?%), and using here the Higgs thermal mass.

The CP asymmetry in scatterings coming from the wave function piece (interference
between the diagrams in figures [ll(a) and [(c)) turns out to be always the same as the CP
asymmetry for the decays:

A%%i& (wave) Aygj‘}(wave)

t ot B Na Na
Zj(r)/]%azj +7J?7al7j) Zj('ngH "”ngH)

el (wave), (3.6)

where the decay asymmetry is defined in the usual way as !, = Afyé\[ ot /fyD“HQ.

The ratio between the CP violating scattering asymmetries and their approximate
expressions in terms of the asymmetry in decays derived in ref. [[[§], are shown in figure fi
as a function of T/M;2. The results for processes with the Higgs exchanged in the s and

2For definiteness, we neglected in this plot the contribution to the wave part proportional to MQ(ATA)QB,
keeping the one proportional to M,g(/\T)\) Ba, in which case vertex and wave contributions become propor-
tional to the same combination of couplings, see ref. [@]
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Figure 2: Ratio between the CP violating asymmetry in scatterings A%%Zi / 27]%21_ and the corre-
sponding quantity for decays A'yé\i’ u/ 272_’ 1> vs. T/M; for two ratios between the masses of the two
lightest heavy neutrinos My/M; = 5 and My/M; = 100. The contributions from s and ¢-channel
Higgs exchange processes are shown separately.

in the t-channels are presented separately. Two illustrative values for the ratio of the two
lightest Majorana neutrino masses have been used: Ms/M; = 5 and My/M; = 100. The
effects of N3 have been ignored (this would correspond either to the case Mz > My or
to the situation in which the complex phase in the combination of Yukawas associated
to N3 is particularly suppressed). It is apparent that this ratio starts to deviate from
unity already for T > M/10 and that deviations of few tens of percent can appear for
T approaching Ms. Since the relevant temperature for leptogenesis in these scenarios is
typically 0.1 < T'/M; < 10, the approximations adopted in ref. [fi, [[] should be good
if My/M; > 10, while some corrections appear for milder hierarchies at temperatures
T > M,/10. Tt is also easy to show analytically, starting from eq. (B.5), that a factorization
for the vertex part, analogous to that of the wave part, is obtained in the limit of M; and
T < M.

Regarding the scattering processes with gauge bosons, such as N¢ — HA, NH — ¢A or
NA — (H, the associated CP asymmetries can be obtained in a similar way, computing the
interferences between tree and one loop scattering amplitudes. One significant difference
is that now box diagrams are present, in which the gauge boson is attached to a lepton
or Higgs in the loop of the vertex like diagrams, leading to more complicated expressions.
The absorptive parts can be obtained using Cutkowski’s rule and new cuts appear, but
again only for s > M2, so that in the hierarchical limit the factorized expression holds for
T < Ms, as was the case in the scatterings with quarks discussed before.

The fractional contributions to the source terms in the BE for Ya, arising from decays
and scatterings are shown in figure [ using the factorized expressions in terms of the decay
asymmetries. We present separately the results for two body decays Fp = Awg ul > Ay,
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Figure 3: Fractional contribution to the source terms from the CP asymmetries in decays (D)
and in scatterings (s and ¢ channel Higgs exchange and scatterings involving gauge bosons) for
My > M, obtained in the zero temperature approximation.

s-channel Fp, = Afygfv /> A, t-channel Higgs exchange processes Fp, = 2Afyg tQ /> Ay
and the gauge boson contribution® Fy = (Afyg 4+ A'yg f + A'yg f;) /> A~ where

_ 3 N i 7,
DAy = Ay + APl 202 + A+ AT+ AT (3.7)

while the contributions from decays into three body final states are always negligible and
are not shown (see the appendix). These fractions are independent of the value of the
neutrino Yukawa couplings adopted and, in the hierarchical limit in which the factorization
is valid, they are also independent of the value of My/M;. From figure fj it is seen that
scattering CP asymmetries are the dominant source term for T' > 2M7, and hence can play
an important role in the early leptogenesis phase.*

4. Results

In figure [ we display the results of the integration of the BE adopting M; = 10! GeV and
m1 = v2(ATA)11/M; = 0.06eV (where v is the Higgs VEV). To avoid complications with
T-flavor effects that are active in this temperature regime, we also assume a flavor ‘aligned’
situation in which the lepton doublet ¢1 to which Ny decays has no 7 flavor component,
that is K, = |({1|¢,)|*> = 0 (and similarly for ¢;). The dashed line corresponds to the case

3The contribution of gauge boson scatterings has been estimated using the expressions given in [E]

“When thermal masses are taken into account, at very high temperatures (T 2 7Mi) the condition
Mg (T) > My + My, (T) is met and the decay H — N1¢; can occur. Since the asymmetry for this decay has
a large enhancement from thermal effects [H], in this temperature regime actually the Higgs decays would
become the dominant source of the lepton asymmetry.
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Figure 4: Evolution of the B — L asymmetry as a function of z = M; /T with the CP asymmetries
in scatterings neglected (dashed line) and included (solid lines). The scattering asymmetries are
approximated by using the asymmetry in decays. This figure corresponds to a strong washout
regime with m; = 6 x 10~2eV. For comparison, the value that would be obtained starting with an
equilibrium N density is also displayed (dotted line).

in which the contributions of the CP scattering asymmetries to the source term are ignored
(see ref. L] for more details), while the solid line depict the results obtained by including
the CP asymmetries of the scattering processes, adopting their factorized expression (using
the exact expressions would slightly modify the asymmetries for T° > Mj, but the final
values would be almost unchanged). The dotted line is the asymmetry that would result
had the initial density of N be the equilibrium one. It is apparent that for 7" > M; the
scattering processes have a large effect in the production of the lepton asymmetry. This
example corresponds to a case of strong washout, with /m; > 1072 eV. In particular, we
see that in this case the washouts affect the evolution of the lepton asymmetries up to
z ~ 10. Hence, even if at early times large additional sources of CP violation are present,
late washouts turn out to be decisive in determining the final asymmetry, which ends up
being equal to the one that would be obtained had one started with Yy = Yy'. This also
means that in this regime the final asymmetry becomes essentially independent from the
conditions at early times.

We recall here that a crucial point in thermal leptogenesis is that if the washout
processes were switched off completely during the whole leptogenesis phase (and if the
dependence of the CP asymmetries on the temperature that is induced by thermal effects
was also ignored) the inclusion in the BE of the sources of CP violation from scatterings
would yield a zero final asymmetry [Iff]. This can be seen by writing the different AL; = 1
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scattering CP asymmetries in terms of their approximate expressions, i.e.

NX ’Y{/VX N
Ay ™ =~ ——Avn- (4.1)
Te.H

Then, the source term in the BE for YA, can be rewritten just in terms of the decay
asymmetry Avg 1 as

N
' Avn NX
(Va)s > —(yv —D—x— > W~ (4.2)
fYZiH AL¢=1
By using the relation
N
Ve, 1 . ZAL,:l 75)(

= 4.3)
N N NX (
Zj('ngH + 'ngg) ZX,Y Ty
where the sum in the denominator in the r.h.s. is over all the processes Wf/VX for
which |ALj;| = 1 and over all the flavors j, and defining the flavor asymmetry g =
A/ Zj(’yg g+ ’yg 7) we can finally rewrite the source term as
4 J

(Ya)s = —(ynv = 1)ei > w™. (4.4)
XY

Combining now the above expression with the BE for Yy we obtain

Yy — Y—f ~ —7(YA;)W. (4.5)
&1 &1

In the absence of washouts the r.h.s. of the equation above would then vanish, and in
the approximation in which ¢! is taken as independent of the temperature, the quantity
Yy — Ya, /€t would hence be constant. Then, for thermal leptogenesis scenarios in which
the N density and the lepton asymmetries vanish initially, this quantity will just be zero,
showing that the Y, asymmetries generated at early times are erased at later times as
the N; disappear by decays or scatterings. Then, as was pointed out in [f], any effect
that breaks this cancellation, as for example a dependence of the CP asymmetries on the
temperature, could be numerically important. The cancellation will no longer hold also if
some washout processes are particularly efficient at temperatures T' > Ty, where T} is the
temperature at which the lepton asymmetry changes sign (note that this type of washouts
could yield an enhancement in the final asymmetry, while in general late washouts at
T < Ty always tend to reduce its final value). Of course, in the cases when the heavy
N states are produced through other processes not related to the ones giving rise to the
CP asymmetries, such as via scatterings involving heavy right-handed W or additional
Z' bosons, or are produced non-thermally via e.g. inflaton decays, the leptogenesis initial
condition Yx(0) # 0 would directly prevent the cancellation of the lepton asymmetry.

In other words, the origin of the cancellation can be understood as follows. At any time
there are three kinds of possible sources for the lepton asymmetries: off-shell scatterings,
processes producing real Ns and processes in which Ns are destroyed. In general, the
lepton asymmetry produced by the off-shell scatterings is twice as large, and with opposite
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Figure 5: Same as figure @ but in a regime of weak washout, with m; = 107%eV.

sign, as that associated to processes in which real Ns are produced, but that associated
to processes in which real Ns are destroyed depends on the N density Yy. If Yy equals
the equilibrium density Yy, the asymmetry of N production and destruction processes are
equal, and hence the sum of the three asymmetries cancel. On the other hand, if Yy < Y3/
the asymmetry produced by off-shell processes dominates, while the opposite happens if
Yy > Y. This is why the sources of lepton asymmetry in the BE are just proportional
to Yy — Y. Now, when the factorization of the scattering asymmetries in terms of the
decay asymmetry holds, one finds that the sources of the lepton asymmetries are just €
times the sources of the N density (assuming that no other processes besides the Yukawa
couplings produce Ns). This means that if €; is constant (7" independent) and we ignore
the washout processes, the total integrated change in the lepton asymmetry will be just €1
times the total change in Y. Hence, if this last vanishes, as is the case when the initial
condition is that of vanishing N density, the final leptonic density would also vanish.

Clearly, the impact of including CP scattering asymmetries in the BE is qualitatively
different in the strong and in the weak washout regimes. In the weak washout regimes
(corresponding to values of m; < 1073eV) the effect of late washouts is negligible, the
asymmetry is strongly affected by the cancellation and thus its final value turns out to
be rather sensitive to the amount of washouts in the early phases. This is illustrated
in the example in figure i, that corresponds to the value m; = 107°eV. In this figure we
compare the evolution of the asymmetries in the two cases when the CP asymmetries of the
processes involving the top-Yukawa and the gauge interactions are included or are left out
(all scatterings are in any case included as sources for N production). It is apparent that
when the sources of CP violation from scatterings are included the effects of the cancellation
strongly reduce the final asymmetry obtained. Since only weak washouts are present, the
cancellation remains quite effective and the final value of the asymmetry is rather small. In
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Figure 6: Same as figure E but in a regime of intermediate washout, with m; = 1073 eV.

this regime, the final asymmetries are also much smaller than the asymmetries that would
result starting with an equilibrium density for the N’s since in that case no asymmetry is
generated at early times, and no cancellation can occur.

Finally, figure |§ gives an example with an intermediate washout strength m; =
1073 eV. In this case an intermediate behavior between those of the weak and strong
washouts is observed: similarly to the strong washout case, the final asymmetry remains
almost unchanged whether the CP scattering asymmetries are included or not. However,
as in the case of weak washouts, its value remains well below what would be obtained by
starting with an equilibrium density of N’s.

5. Conclusions

In this paper we have computed the CP asymmetries of scattering processes involving the
top quark and the gauge bosons. CP violation in scatterings gives an important contri-
bution to the generation of a lepton asymmetry at high temperatures (7' 2 2M;), and in
particular in the zero temperature approximation adopted in our calculations this contri-
bution is by far the dominant one. We have compared our results with the approximate
expressions of the scattering CP asymmetries in terms of the decay asymmetry, concluding
that in scenarios in which the heavy Majorana neutrino masses are sufficiently hierarchical
this approximation provides reasonably accurate results. We have shown that when the
sources of CP violation in scatterings are included in the BE, in the limit of very weak
washouts a strong cancellation between the asymmetries generated at early times (when
Yy < Yy'), and the asymmetry of opposite sign generated at later times (when Yy > Y,/)
takes place, sizably suppressing the final lepton asymmetry with respect to the cases in
which CP asymmetries in scatterings are neglected.
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In the strong washout regimes, for which the final lepton asymmetry is almost in-
dependent of the conditions at early times, such as the initial value of the right-handed
neutrino density, the final results are instead essentially unaffected by the inclusion of the

new sources of CP violation.
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A. Three body N decay

The three body decay width for Ny — £;Q4t is

_ (1—y/ag)? o B
D(Ny — 4:Qst) = ithQFO(]\h — &H)/ dz (& = a an(l +a—z) X
167T (@+\/@)2 (x_aH) +G/HCH
1
X ([(x —aq+ ar)? — dzas] [(1 -2 — ag)? — 4xag])1/2 , (A1)

where a, = (my/M;)? and cg = (I'g/M;)?, with Ty being the decay width of the Higgs
boson. T'o(Ny — ¢;H) = |\i1|? M1 /167 is the two body decay width of N7 (at zero temper-
ature) and the integration variable is x = (p;+ pQ)2 /M2, where p; and pg are the momenta
of t and Q5 respectively.

We assume m; + mg, > my, which is generally valid at high T if thermal masses are
considered and also at T' = 0 if the Higgs boson is not too heavy. In this case the Higgs
boson exchanged in the internal line of the three body decay cannot be on-shell, and the
Higgs width (parametrised by cg) can be neglected. (Note that a resonant contribution
would in any case correspond to the two body decay N1 — ¢;H rather than to a genuine
three body process.) In the zero temperature limit a;, ag, ag — 0 the integral in eq. (A1)
would get a large enhancement from the region corresponding to small values of z. However,
for finite values of the thermal masses this enhancement is not present, and in particular
for T/M; > 102 the three body decay rate is always less than 6% of the two body decay
rate. Note also that, due to the effects of thermal masses, the phase space for both decays
actually gets closed when T approaches M [f].
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