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Leptogenesis gauge bosons. Quantitatively however, the effects are not very different in size from those of scatterings
CP asymmetry with top quarks: the CP asymmetry per scattering is (0(0.5-2)x the CP asymmetry per decay in all the
Gauge boson scatterings relevant temperature range for leptogenesis and the generated baryon asymmetry can only be sizeably

affected in leptogenesis models that are sensible to the T 2> M epoch.
© 2011 Elsevier B.V. Open access under CC BY license.

The discovery of neutrino oscillations makes leptogenesis a very attractive solution to the baryon asymmetry problem [1,2]. In the
standard framework the tiny neutrino masses are generated via the (type I) seesaw mechanism [3-6] and since the new singlet neutral
leptons (N;) have heavy lepton number (L) violating Majorana masses they can produce dynamically a lepton asymmetry through out of
equilibrium processes. Eventually, this lepton asymmetry is partially converted into a baryon asymmetry due to fast sphaleron processes.

In this framework the CP asymmetry can be generated in the N; decays [7], i.e. N; — [jH [8] as well as in scattering processes of
the N; with particles in the plasma. In perturbation theory, to lowest order, the CP asymmetry in any of these processes arises from
the interference between the tree level and one-loop amplitudes. The CP violating asymmetry in scatterings with top quarks has been
considered in Refs. [9-12]. In Refs. [9-11] it was argued that an approximate equality between the scattering and decay asymmetries
should hold for hierarchical right-handed neutrinos (RHNs). Ref. [12] presented an explicit computation of the CP asymmetry in top
quarks scatterings (TQS) and directly showed that this was correct. It is important to note that there is a one to one correspondence
between one-loop diagrams in decays and TQS. Then, as discussed in Ref. [11], the “factorization” of a common CP asymmetry can be
easily understood in terms of an effective field theory in which all but the lightest of the RHNs have been integrated out and their effect
appears in a dim-5 operator (H¢)(H¢). In this approximation only “bubble-like” diagrams contribute to the one-loop amplitudes of both
decays and TQS.

As for the CP asymmetry in scatterings with gauge bosons, its effect was estimated in Ref. [12] under the assumption that it also
factorizes in terms of the decay CP asymmetry. However, the same argument that leads to the understanding of the equality between the
CP asymmetries in decay and TQS does not hold for gauge boson scatterings (GBS) due to the presence of additional contributions to the
amplitude at one loop (which in the effective field theory approximation contain three rather than two particles in the loop). With this
motivation in this note we carry out an explicit calculation of the CP asymmetry in GBS.!

For a given heavy neutrino species (called here N;) there are three different types of GBS, namely

NiA— ¢jH,  Nilj— HA, {jA— NiH, (1)

* Corresponding author.
E-mail address: concha@max2.physics.sunysb.edu (M.C. Gonzalez-Garcia).
! In principle one must consider all processes at a given order in the coupling constants. In particular the three body decays N; — ¢ jHA should be included together
with the GBS. However the three body decay rate is phase space suppressed, thus the processes N; — ¢;HA and their CP asymmetries can be safely neglected (see e.g. the
appendix of [12]).
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Fig. 1. Tree diagrams for the three scattering processes in (1).

and each one has an associated CP conjugate process. Here A = W, or By for SU(2); and U(1)y gauge bosons, respectively. The Lagrangian
for the Yukawa and gauge interactions relevant for the computation of these processes reads

> = ig ig1 g2 g1
Lyia=—Yn;LiPRN;H — 7(aMH)ng‘aaH - 7(a,m)Tza’,;Ii +he + Z[7ejyuw#aaPLej - 7@,-;/,13@‘1%,}, (2)
j

where i, j are generation indices of RHNs and lepton doublets KJT. = (vj,K]?) respectively, P; r = %(1 F ¥s5), and H =ity H* with HT =

(ht, h%) being the Higgs doublet.
We denote by y# =y (A — B) the thermally averaged density rate for a state A to go into the state B (summed over initial and final

spin and gauge degrees of freedom), and by Ayé“ = yé" — yéz‘ the CP difference between the rates for particle and antiparticle processes.
Neglecting the thermal motion with respect to the plasma, the relevant thermal average rates for 12 — 34 processes can be written as

_ T /Oodsﬁ§12(s)1< vsy__T fdsfdt'Mgde Vs
V34 = Gana O8N 77 ) = a5 N A
S_ S_ t_

where §§ﬁ(s) is the reduced cross section, K1(x) is the modified Bessel function of second kind of order 1, and T is the temperature.
We have also introduced the Mandelstam variables in terms of the momenta p; of the four particles in the process, s = (p1 + p2)?,
t=(p1 — p3)?, and u = (p1 — p4)%, with p? = m?. Thus for each process s_ = Max[(m; +m3)?, (m3 +m4)?] and

2
B (m? —m% —m2 +m3)? B [\/(H—mf—m%)z _mzi\/(s—i—mg—mﬁ)2 —m2:|
- R e e e S )

t
* 4s 4s 4s 3

For the sake of simplicity in our evaluation of the CP asymmetries we neglect the thermal mass of the gauge bosons, and we include
the thermal masses of leptons m, and the Higgs boson my only in the propagators (but not in the loops), in order to regularize the
infrared divergences that appear when these states are exchanged in a t- or u-channel.

In this approximation the tree level amplitudes for the three processes in (1) are related by crossing symmetry and are given by

2 = =12
IM(N;A — ¢H)|" = |M(N;A — £H)|” = 2G|V, [*lo(s. t,u), (3)

- 2 = 2
IM(Ni€j > HA)|" = [M(Nit; — HA)|" = —2Gal YN, I*lo(u, s, 1), 4

- 2 =12
IM(£;A — NiH)|" = [M(£;A > NiFD|" =2Ga1Y N, I To(u, t, 5), (5)

where Ga =3g2/2 or g2/2 for SU(2), and U(1)y GBS, respectively.

Io(s,t,u) =2D¢y DyesM? 4+ D2,u(M? —s), and Dxp comes from the propagator of particle P in the X-channel, Dxp = (X —m%)~".

The CP asymmetry in GBS arises from the interference between the tree-level and one-loop amplitudes in Figs. 1 and 2, respectively. In
Fig. 2 we show as a “waving” line labeled Cy, C} or C; the possible branch cuts in which the particles in the propagators can be on-shell
and therefore give a contribution to the imaginary part of the corresponding amplitude. As seen in Fig. 2 besides the N; self-energy (wave)
corrections (diagrams (a) and (b)), and the vertex corrections (diagrams (c) and (d)), which are also present at one loop in two-body Nj
decays and in TQS, there are new type of vertex diagrams (labeled (e) and (f)), as well as contributions from boxes (diagrams (g) and (h)).
Furthermore for process £ jA — N;iH additional imaginary parts appear from the last two diagrams 3.(i) and 3.(j).

For each process the sum of amplitudes of wave diagrams (a) and (b) is gauge invariant. The sum of amplitudes for vertex diagrams
(e) and (f) is also gauge invariant, while the amplitudes of vertices (c), (d) and boxes (g), (h) are not separately gauge invariant but the
sum of the four amplitudes is. Finally for process Z,-A — N;H the sum of amplitudes 3.(i) and 3.(j) is gauge invariant.
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Fig. 2. One-loop diagrams contributing to the CP asymmetry for the scattering processes in (1). We mark with a waving line the possible branch cuts which contribute to the
imaginary part of the corresponding amplitude. Additional diagrams which do not contribute to the CP asymmetry include those similar to 3.(i) and 3.(j) for the scatterings

Nit; — HA and N;A — £;H for which no branch cut is kinematically allowed, and the corresponding ones with £ < H whose coupling with respect to the tree amplitude
one is relatively real.

Thus generically the CP asymmetry from any of the three processes in (1) can be written as

12 _ .12
2__ 37V 1w

€ € 12(v1) 12(b)
34 = 5. = 34
12 12
Zj(y34 + V_a,zl)

£A
+egs "V ey + ey +AeN (6)
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A(w,v1,v2,b)

where €g is generated by the interference between the tree-level amplitudes and the self-energy amplitudes (a) and (b), the

vertex amplitudes (c) and (d), the vertex amplitudes (e) and (f), and the box amplitudes (g) and (h), respectively. We denote by Aeﬁ,’;g

the extra asymmetry for the process ZJ-A — N;H from the diagrams 3.(i) and 3.(j). Notice that each of the diagrams (a), (b), (e) and (f)
represents two amplitudes depending on whether the internal lepton line is a lepton or an anti-lepton, which leads respectively to total
L-conserving or L-violating contributions.

It is straightforward to show that for any of the processes in (1) we have

_ _ A% E 1
NiA(w) Nitj(w)  LiA(w)  N; (w) Zk?f"[cfk a—1 + kaak—1]
o T€Ha  TENH O TS T T
8 (YNY ),

ae=k. Cie=—Im[Y{, Yng (YY) ] G —ImY3, Yo, (YY) - (7)
In the above, GZ‘H(W) is the contribution to the CP asymmetry in N; — ¢;jH from the N; self-energy diagrams [8] and the first (second)
term arises from the L-violating (L-conserving) diagrams.
The contributions to the CP asymmetries from the vertex (labeled with superscripts (v1), (v2)), box (superscript (b)), and the extra
piece from diagrams 3.(i) and 3.(j) (superscript (A)) read?:

[[M(12 > 34)° — [M(12 - 33|V 2 0@

GaC kM M;
:_Z{ AT 20000 ¢ ¢y 4 112005 6, uy +0(s — M2) J32D O (s 1 u)]
k#i
n FaCiMMi

- (K322 .t u) + K352 5,6, w)]

C i M? .
+%[ﬂ(1<;ﬁ<”> (5,6, 1) + K'320D (s, £, u)) + Gab (s — M) J32 ™) (5,1, w)] } (8)

12(1/1) (b)(S tu) =

where I = 112(”)(5 t,u) + I]Z(b) (s,t,u) comprises the contribution from the C; cuts of the vertex diagrams (c) and (d)

(given by 112(”)(5 t,u)), and box diagrams (g) and (h) (given by I12(b) (s,t,u)). I/lz(b)(s t,u) contains the contribution from the C} cuts
present only in the box diagrams of N;A — £;H. ]12(”) &) (s,t,u) = ]32("1)(5 t,u) + ];i(b) (s, t,u) has the contribution from the C, cuts,
which are kinematically allowed when s > M2 and they are possible only in the processes N; Z] — HA and K]A — N;H. All these contri-
butions are L-violating and they are present for both SU(2); and U(1)y GBS. J3, 12(4) (s,t,u) has the - L-conserving - contribution from the
C; cuts in the diagrams 3.(i) and 3.(j) present only for E A — N;H.

K;i(vz)(s t,u) (K 12("2)(5 t,u)) contains the contribution from the Cy cuts of the L-violating (L-conserving) vertex diagrams in graphs
(e) and (f). Similarly, K/lz(vz) (s, t,u) (I?/;i(vz) (s, t,u)) involves the contribution from the C; cuts of the L-violating (L-conserving) diagrams
in the graphs (e) and (f) of process N;jA — (jH. Notice that the diagrams (e) and (f) correspond to amplitudes where the gauge boson is
coupled to the one-loop self energy N; — Ny. Since the RHNs are SU(2); singlets, the sum over the SU(2); degrees of freedom cancel in
each of these graphs. This, however, is not the case for the U(1)y gauge boson. Correspondingly the coupling factors F4 =0 for A=W,
while 74 = Ga = g2/2 for A=By.

The C; cuts are kinematically allowed for all processes and their corresponding contributions to the amplitudes are related by cross-
ing symmetry. For the amplitudes of diagrams (c) and (d) this reads IN A(Vl)(s t,u) =100, t,u), IN‘Z (Vl)( s,t,u) = =1V, s, t), and

[A 1 .
YDt u)y =1V, t, 5), with

a9 —
su ay - tu a,+1—
1YV, t,u) = D2, M? B _ Ly (il 1— _ L i
( ) e Y +1_u 2(w) +(1_ﬂ)2 — 2()

5 ap+1—-t 5 ap+1—-1 .
D¢y DyeM? _(1- —— Ly (f _(1- —— L) ) |. 9
+ D¢y Due ’[1—t( 17 2()>+l—u( T 2(11) 9)
The C, contributions to the vertex asymmetry from diagrams (c) and (d) are
NiZj(v1) 5 U a a+1-5_  _
s,t,u) = DsyD¢eM; 1——————L4(5) |,
T« ) = DspDee ,1_5[ : - 4(5)
;A (v1) , U <, G +1-=5 2.2 8 : . o Ha+1—=5 —qdi .
s, t,u)=DigDsgeM7 ——=|a, —S+ —————L4(S Mf——— | (t—u)(ay —S) + - La(s) |,
-]NH ( ) tHVs¢t 11—S|:k 1_3 4() st ,(1_5)2 ( )(k ) 1_— 4()
(10)
2 When evaluating €1§(v ) and egf(b) one must specify a gauge since, as mentioned above, the one-loop vertex (v1) and box amplitudes are not separately gauge-invariant.

In what follows we will work in the unitary gauge.
3 Since the resulting expressions are somewhat cumbersome, to double check our results we have computed the asymmetries both by explicit evaluation of the corre-
sponding loop integrals as well as by using the Cutkosky rules that give directly the absorptive part of the Feynman diagrams.
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and jg",’;(”)(s, t,u) =0. In Egs. (9)-(10) and the following we define § = iz t= # il = # and
ax +x ap+1—x x(ap+1—x
Leo=n% X Le=m® T2 L= Xy +1-% ),
X ay ag
X ap(1—x X ap(1 —x
L3(X7y)51ny+k7()’ L5(X,y)zlny+k4(). (11)
ax(1—X) i

For the Cp contributions to the asymmetry from diagrams (e) and (f) the crossing symmetry reads KN iA(v2) (s,t,u) = KOs, t,u),

N;i€j(v2 £;A . . .
I(H'A’(V Vs, t,u) = —KVD(u, s, t), K\'y v (s,t,u) =K (u,t,s), and equivalently for the K functions, with

25{Dth[(t —2u)+u(1-5)]— Dugu[3t +u(l— s)]}
G —ap)(E+ )3
230{D¢pt[3 — 2(E+ )] 4+ Dye[2F — i1) — 2 + uZJ}

KY2 (s, t,u) =

KV (s, t,u) = (12)
G —aE+)’
The contribution from the C] cuts in diagrams (e) and (f) (which are only present for N;A — £;H) is
N;iA(v2 ~/NjA(v2 o
1</ZJ_H(V V(s t,u) = —KY (s, t, u), K'sz(v Vs, t,u) = —KY2 (s, t,u), (13)

and hence the contributions from vertices (e) and (f) to N;A — £;H cancel exactly.

For the box diagrams IN A(b)(s tou) = IO, t,u) = Ipi(s, t,u) + Ipa(s, t,u), Nl (b)(s t,u) = —1®, s, t), and Ie iA )(s,t,u) =

® @, t,s), with

i S(ag +1—1) [ k+S ak(ak+l—f)] ~~}
Ip1(s,t,u)=D — — — —Ly(t) + — — |L3(s, t
b1(S. &, ) tH{(l—s)Z i(1—1 ® i ST+ ag(1—73) 36:8)
st (a,< +)@+1-1) }
+ Dye| —1— — —L3(5,¢t) |, 14
“5[ a-32 " 1- Fraa—s 0P (1)
St a+1—1 §L2(ﬁ) A=5(axg+5+at . .
Ipa(s,t,u) =D — — — — — — L3(s,u
b2(S. £, 1) tH{(l—s)2+ i [ 1-0 Grad—g )“
st il a+1—-[st—u(d—1au
N { . GRS (U IT A
(1-5) t(1-5) t2(1 —1)
1-35—2a, (A-=3%(a+9S) a—S5 ag(ag +3) .~
- = = — — —— = — |L3(5,u 15
[ t * t2 * 5 52u+aks(1—s)} 3 )} (13)
The corresponding contributions from Cj cuts read I’Z’f"( )( u) = I’ef ® )(s t,u) =0 and I’N iAb) Gs.t,u)=1"®(s, t,u) =1, (s, t,u)+

I}, (s, t, u), with

b=l - 5 e [0 2 D)
D [1 T ifg)z B akT“Jrng(E) - (ak;ELj-)SZI((:—]g)_ : b (g’f)]’ (16)
N ME B 1(1—5-5% [(1 —ﬁ);ak—i—E) L] ;ﬁ _a +El _ﬁ}h(i)
+ [l k. Y g)f(za" L ak§—§ - §2ﬂa:_(2i;(_~l§)_ §)]L3(§ ﬂ)} (17)

From Egs. (14)-(17) we see that for the scattering process N;A — £;H the contributions from C; and C] partially cancel each other*

12(b) 1,12(b) 12(b)

4 By definition I, ,and Jsy
logarithms of Eq. (11) always cancel out

must be real. It can be easily verified that in their expressions the imaginary contributions from negative arguments in the



468 C.S. Fong et al. / Physics Letters B 697 (2011) 463-470

The C, contributions to the box asymmetry are ]N iAb) (s,t,u) =0 and

JNG® s ¢y = Doy {%L G + [a"j” ggf_"aj(;:?)}ma §)]
JEA® s, tw = Dy, { s _E“" - (:L’; . ii((‘i"jﬂf’)) Ls(@,5) + X 23 =5 [H’ _15515_ D 14G) + G - HLs (i, 5)“
+ D {%MG) S _E[?f[l(j_"atg’)fﬁ;]ﬂ) + ad] L4(§)}. (19)
Finally the C, contributions from diagrams 3.(i) and 3.(j) read
Jﬁ:?}( (5. t.1) = —Dig Mz(szs ax) [ - k4 Dg M2+ ak)] [Dentl + DseS(1 — )] (20)

The ratios between the L-violating asymmetries in GBS and the L-violating asymmetry in decays are shown in Fig. 3 as a func-
tion of T/M; (left panels) and of M;/M; (right panels). For simplicity we have considered the virtual effects of only one neutrino
species N, = N, different from N; = Nq. It is apparent that for Nlij — HA and ZjA — N1H this ratio deviates from unity even for
hierarchical neutrinos.” In the relevant temperature range for leptogenesis 0.1 < T/M; < 10 the deviation can be of several tens of
percent, e.g. 50% for ZjBy — N;H at T = M. Conversely for NyA — £;H the ratio tends to one for hierarchical neutrinos, hence the
asymmetry can be well approximated by the decay one if M,/M; > 10, but corrections appear at high temperatures for milder hierar-
chies.

These results can be easily understood analytically by expanding to lowest order in M;/Mj the expressions in Egs. (9), (12), and
(14)-(17) which gives

1 Ip(s,t,u)

IVD(s,tu) = — - —— =, 21

=5 (21)

M ${Dyetli[3t + 1(1 — 3)] — Deyt[(f — 20) + (1 —3
I(b)(s t,u) = 2 { wel[3t + ( )] tH [( )+ ( )]} (22)
M;; (t+1u)3
'O s, t,u)y=—19s,t, u), (23)
KV, t,u) =210, ¢, u) = =K'V (s, t, u), (24)
_ M? 25ii{D¢yi[3 — 2(F + @1)] + Dye[(2F — il) — 2 4 i1
I((Vz)(s, t, u)=__12 { tH [ ( + )J"'NHZ[( ) + ]} (25)
M2 (t+11)3
Including these results in Eq. (8) and using Eqgs. (3)-(5) one finds that
NAGD GN,-Zj(vl) _ GZjA oy > ki Cik Mi N (26)
¢jH = CHa = ENiH = TN M. CtH -
167T(YNYN)1',' k
In the last equality we have used that the vertex CP asymmetry from the decay N; — £jH
M.
jk 1+a > ki Cik
6é\)]lH(v) Zk;ﬁl J @[1 —A+a)ln + k:| N kAT JIrVIk ’ (27)
SJT(YNYN)“ Qi 167 (YNY )i

where the last approximation holds for My/M; > 1. So, as in the case of TQS, both wave and vertex contributions to the CP asymmetry
in scatterings with SU(2); gauge bosons are equal to the corresponding contributions to the decay CP asymmetry in the hierarchical limit
(My/M; > 1).

For the process N;A — £;H Eqs. (22)-(24) imply that in the hierarchical limit the CP symmetries from vertices (e) and (f) with U(1)y
gauge bosons, and from boxes with either SU(2); or U(1)y gauge bosons vanish,

NiWq(b) N;By (b)

NiBy (v2
€ = €N szxHy(v '=o. (28)
However for the other two processes we find that the L-violating contributions to the CP asymmetries satisfy
sz (b 7; Wa(b) NiZjby 1 NIZ i(v2) ZjBy(b) 1 z By (v2)
€hw, #0. € #0,  €yp, =5 €ypy 70 €ny =5 e 70 (29)

5 Unlike the CP asymmetry in decays, the CP asymmetry in scatterings depends on the temperature, thus when comparing both types of asymmetries at a given T, the
RHNs are considered to be hierarchical enough if Myxq > My, T.
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Fig. 3. Ratio between the L-violating asymmetry in scatterings €5 = e;f for the different processes as labeled in the figure and the corresponding quantity for decays
b= erH. To illustrate we have used my, =0.18T and my = 0.34T. The left panels show the ratio as a function of T/M; for three different hierarchies M, /M = 2, 10, 100.
The right panels show the ratio as a function of M;/M; for two values of T/M; =1, 5.

NiBy (v2)

We note that the vanishing of GZ_"IS‘(Z’) and €01 at leading order in M;/M is due to the presence of the additional C} cuts, which,

as mentioned above, results in a partial or total cancellation of the contributions from the C; cuts so that only terms of higher order in
M;/M; remain.

We have mentioned before that for each process the sum of amplitudes of wave diagrams is independently gauge invariant, as it is
the sum of the amplitudes for the vertex (v2) diagrams, but the amplitudes of vertex (v1) and box diagrams are not separately gauge
invariant. However at the leading order in M;/Mjy, the box and vertex (v1) diagrams are independently gauge invariant, thus the results
in Egs. (26), (28), and (29) are also gauge independent.

Summarizing, we find that even for very hierarchical heavy RHNs

N;A (A

__N; N,‘Ej
€0H = €jH 7 €HA T ENH> (30)
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N;i (w)

Ni Nj
where €in =€ +e€

¢jH
limit. However, this is not the case for the scatterings N;Zj — HA and ZjA — N;H.

Also, as mentioned above, in the processes N,-Zj — HBy and ZjBy — N;H there are new L-conserving vertex contributions to the CP
asymmetry. They imply that in the hierarchical limit the L-conserving CP asymmetry in these scatterings is not equal to the L-conserving
CP asymmetry in decays. Note that although the L-conserving asymmetries are always suppressed by a higher power of M;/M; compared
to the L-violating ones, they are the only source of CP violation in models with conservation of L [13-15].

Finally, a few comments about the impact of our results for the determination of the baryon asymmetry are in order. Although the CP
asymmetry in GBS has more interesting features compared to the one in TQS, we have found that still the CP asymmetry per scattering is
(0.5-2) x the CP asymmetry per decay. Therefore the generation of CP asymmetry through GBS is relevant at high temperatures (T 2 M;)
when the scattering rates are larger than the decay rates. Hence it can have effects in models for leptogenesis that are sensible to the
high temperature regime. This includes standard type | leptogenesis in the weak washout regime and low energy models in which the
sphaleron processes freeze out before the RHNs have decayed [14,16]. Quantitatively including the GBS can result into an increase of the
final baryon asymmetry by more than a factor ~2 for standard type I leptogenesis in the weak washout regime for zero initial abundances
of the heavy neutrinos, i.e., when they are produced only by the CP-violating Yukawa interactions. For the low energy models, the effects
can be larger than even one order of magnitude if the sphalerons freeze out when the scattering rates are much larger than the decay
rates.

W) Hence, we conclude that the CP asymmetry in the scattering N;A — £;H factorizes in the hierarchical
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