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We investigate neutrino mass and thermal leptogenesis in the Babu-Nandi-Tavartkiladze model featuring
a scalar quadruplet (®) and a pair of vectorlike fermion triplets (¥). In this framework, neutrino masses are
generated via an effective dimension-7 operator LLHH (H'H)/A? at the tree level and via the dimension-5
operator LLHH /A at the one-loop level. It naturally accommodates sub-eV neutrino masses even if the
new physics scale A is O(TeV), thus making the model a compelling target for experimental searches.
We explore the viability of thermal leptogenesis in this model, which is distinct from the canonical seesaw-
based leptogenesis due to the presence of vector-like fermions. We find that leptogenesis is viable for
My > 107 GeV for a hierarchical spectrum of fermion triplets. However, in the quasidegenerate
regime, resonant enhancement of the CP asymmetry lowers this scale down to O(TeV), reconciling
successful leptogenesis with the originally motivated TeV-scale phenomenology and testability of the

model at colliders.
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I. INTRODUCTION

Neutrino oscillation experiments over the past three
decades have firmly established that at least two of the
three active neutrino mass eigenstates must have small but
nonzero eigenvalues. Since neutrinos are predicted to be
exactly massless within the Standard Model (SM), these
observations provide a concrete laboratory evidence for
beyond the Standard Model (BSM) physics. A particularly
elegant explanation of small neutrino masses is provided by
the effective dimension-5 Weinberg operator LLHH /A [1]
(where L and H are the SM lepton and Higgs doublets,
respectively, and A is the new physics scale), which
generates Majorana neutrino masses after electroweak
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symmetry breaking (EWSB). In ultraviolet-complete the-
ories, this operator is commonly realized at the tree level
through type-I [2-5], type-1I [6-11], or type-III [12] see-
saw mechanism involving either heavy fermion singlets,
SU(2), scalar triplets, or SU(2), fermion triplets,
respectively.

The Weinberg operator violates lepton number by two
units. In the canonical seesaw mechanisms, the scale of
lepton number violation (LNV) is typically the same as the
mass of the heavy particles responsible for the smallness of
neutrino masses. According to ’t Hooft naturalness argu-
ments [13], the natural value of the seesaw scale is
~10' GeV, close to the Grand Unified Theory scale.
Such high scales associated with canonical dimension-5
seesaw scenarios often make direct experimental tests of
LNV rather difficult.’ Several mechanisms have been
proposed, e.g., variations of the singlet seesaw with addi-
tional fermions [16-19], and radiative seesaw [20-29],
which can naturally lower the seesaw scale to the TeV

'Lowering the seesaw scale in the minimal scenario requires
either tiny Yukawa couplings or approximate conservation of
lepton number [14,15].
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range, and hence, enhance its experimental testability
[30,31]. Another appealing possibility is to generate
neutrino masses through higher-dimensional operators
[32-45]. In such scenarios, the tree-level neutrino mass
is typically suppressed by factors of the form 1/A4™4,
where d > 7 denotes the operator dimension. As a result of
this additional suppression associated with higher-dimen-
sional operators, the scale of new physics responsible for
neutrino mass can naturally be lowered to the TeV range
without requiring extremely small Yukawa couplings or
fine-tunings. These operators may arise either at the tree
level or radiatively at the loop level, and generally
necessitate an extended particle spectrum involving new
fermions and scalar fields in nontrivial representations of
SU(2),. Since the associated new physics scale can lie
around a few TeV, these models offer rich phenomeno-
logical prospects, including possible signatures at the Large
Hadron Collider (LHC).

Here, we focus on a particular model realization by
Babu, Nandi and Tavartkiladze (BNT) based on a dimen-
sion-7 operator involving scalar quadruplets and vectorlike
fermion triplets [34]. The implications of this model
for colliders have been studied in Refs. [45-50], for muon
g — 2 in Ref. [51] and the vacuum structure of the model
was recently studied in Ref. [52]. Note that, in the BNT
model the dimension-5 Weinberg operator can also be
generated at one loop, and whether the dominant contri-
bution to the neutrino mass comes from the dimension-7
operator or the dimension-5 operator depends on the
masses of the new particles [46].

Apart from the origin of neutrino mass, another open
problem in particle physics and cosmology is the origin of
the observed baryon asymmetry of the Universe (BAU). An
elegant framework to address this issue is the mechanism of
leptogenesis [53], in which a primordial lepton asymmetry
generated in the early Universe is partially converted into
the observed baryon asymmetry through -electroweak
sphaleron processes [54]. What makes this option very
attractive is that leptogenesis can occur naturally in seesaw
models that inherently incorporate LNV through the
Weinberg operator.2 Conventional leptogenesis is usually
realized at very high energy scales >O(10°) GeV [57,58],
often associated with canonical seesaw models [59,60],
making them difficult to test experimentally.3 This has

*An alternative is Dirac leptogenesis without violating
global lepton number [55,56], provided there is a mechanism
to source an initial asymmetry between left- and right-handed
neutrinos (and their corresponding antiparticles). The electro-
weak sphalerons partially convert the left-handed lepton asym-
metry into a baryon asymmetry, while the tiny Dirac Yukawa
couplings prevent the right-handed neutrinos from reaching
thermal equilibrium.

*Including flavor effects can lower the leptogenesis scale to
~10° GeV, but requires certain degree of cancellation between
the tree and one-loop level contribution to the light neutrino mass
matrix [61].

motivated growing interest in low-scale leptogenesis frame-
works [62—-64], where the origin of neutrino mass and the
BAU can be connected to new physics accessible at present
or future experiments. To this extent, it is natural to explore
if leptogenesis can be realized in the neutrino mass models
of higher-dimensional operators involving new fermion and
scalar n tuplets of SU(2), (with n > 3), and whether it is
viable at the TeV scale.

To this effect, we study the possibility of thermal
leptogenesis in the BNT model. The presence of vectorlike
fermions can have interesting consequences for leptogen-
esis, which can be contrasted against the Majorana fermion
singlet/triplet in type-I [59]/type-III [65] seesaw lepto-
genesis. Similarly, the presence of a new scalar multiplet
in the model can be contrasted with type-II seesaw lepto-
genesis [66—68]. Building upon the features of leptogenesis
with canonical seesaw, we will focus on the decays of
heavy vectorlike triplets to realize thermal leptogenesis.
Unlike the canonical seesaw, the Yukawa couplings in the
BNT model are not necessarily suppressed by neutrino
masses. The suppression is rather attributed to the
small vacuum expectation value (VEV) of the quadruplet
(vg), which in turn is induced from the SM Higgs VEV
via a quartic term in the scalar potential. Therefore, the
analog of the Davidson-Ibarra (DI) bound [57] for vanilla
leptogenesis does not apply here, hence allowing for a
lower leptogenesis scale. We find that the scale of
leptogenesis can be as low as 3.5 x 107 GeV in the
hierarchical case. This can be contrasted against the
Majorana fermion singlet (triplet) in type-I (III) lepto-
genesis, where vanilla leptogenesis occurs only above
10° GeV [57] 3 x 10'° GeV [65]).

In addition to the hierarchical case, we also consider the
possibility of low-scale resonant leptogenesis considering
a quasidegenerate spectrum of the vectorlike triplet fer-
mions in the BNT model. As expected, the scale of
leptogenesis in this case can be lowered to the TeV scale.
We find a lower bound of 1.7 TeV on the triplet fermion
mass, very close to the theoretical lower bound of 1.6 TeV
which applies to both type-II and type-III seesaw lepto-
genesis [69].

A unique feature of the BNT model is that LNV can
originate either from the scalar potential, when the scalar
quadruplet carries a lepton number of —2, or from the
Yukawa interaction if the scalar quadruplet is assigned a
zero lepton number. In the first case, the decay process of
the vector-like fermions itself is not lepton number violat-
ing, which is similar to the Dirac leptogenesis scenario.
However, because the vectorlike fermion can decay to two
different scalars, a net lepton asymmetry can nevertheless
be generated if the couplings are different. Note that this
mechanism differs from the conventional Dirac leptogen-
esis because of the presence of an explicit lepton number
violating term in the Lagrangian. Conversely, when the
scalar does not carry the lepton number, the decay process
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itself violates the lepton number, as in the canonical seesaw
leptogenesis.

The rest of the article is organized as follows: In Sec. II,
we describe the basic features of the BNT model including
its scalar and fermion sectors. In Sec. III, we describe the
neutrino mass generation in the BNT model and outline the
adopted Yukawa parameterization procedure. We discuss
the CP asymmetry generation and the Boltzmann equations
relevant for thermal leptogenesis for a hierarchical spec-
trum of heavy fermion triplets in Sec. IV and present our
results in Sec. V. We then discuss the possibility of low-
scale leptogenesis and the relevant constraints in Sec. VL
We finally conclude in Sec. VIL. The decay and scattering
rates are given in Appendix A and the sphaleron conversion
factor specific to this model is calculated in Appendix B.

II. THE BNT MODEL

In addition to the SM particles, the BNT model [34]
contains a scalar quadruplet ® ~ (1,4,3/2) and 2 gener-
ations of a pair of vectorlike fermions %; » ~ (1,3, 1), with

®(1,4,3/2) = {@++, 0+, o+, 0}, (1)
EL,R(1’37 1) = {EZX’ ZZR’ ZOL,R}- (2)

The particles and their charge assignments are given in
Table I. We also show the global lepton number (L)
assignments for the fields.

Note that ® = @, (i, j, k = 1, 2) is a totally symmetric
tensor of rank 3, whose components are given by

D =0T, D0 = cI)_++
S V3
o+
Dy = . (3)

(I)122 212,221 — ’
> B \/§

Similarly, ¥ = %;; is a totally symmetric tensor of rank 2,
and its components are

>+

X=X, )y =—.
i 221 =75

Ty =32, (4)

TABLE I. Particle content of the BNT model and their charge
assignments under the SM gauge group SU(3). x SU(2), x
U(1)y. We also show the lepton number assignments: X can
be assigned either L = —1 or +1, and similarly ® can carry
L=-2or0.

Field SU(3), x SU(2), x U(1)y L
L (1,2,-1/2) +1
H (1,2,1/2) 0
) 1,3, 1) —1/+1
@ (1,4,3/2) -2/0

The relevant Lagrangian for the model reads as
LD Ekin + Eyuk - V(H, (I)), (5)

where, suppressing the SU(2) indices, the kinetic and
Yukawa terms are, respectively, given by

Ly = (D*H)'(D,H) + (D*®)*(D,®)
+ i’L,Rji}/MDpZL,Rj’ (6)

—Lyw = My 20 g+ Yigi(Ly) €Zp H
+ Yq,ail:aeq)*ZRi + H.C., (7)

where € is the SU(2) antisymmetric tensor, D, =09, —
igT Wi, —ig (Y/2)B, is the covariant derivative leading to
gauge interactions of the BSM multiplets with the SU(2),
and U(1)y gauge bosons W, and B,, respectively, and 7,
generically stand for the SU(2) generators in the isospin
1/2 (doublet), 1 (triplet) and 3/2 (quadruplet) representa-
tions for H, ¥ and @ fields, respectively.

The Yukawa couplings Y and Y4 are 3 x 2 complex
matrices with a,f=e, u, 7, and i, j=1, 2, each
characterized by 12 real parameters,

Yg Yo vihoYh
Yo = Yg’l Y;I’Z , Yy = Y;’l Y;’z . (8)
Yq vy vhovh

The Dirac mass term for the triplet, My, is taken to
be real and diagonal, without loss of generality,
so My = Diag(My,, My,).

The scalar potential of the model can be written as

V(H. @)=~y (H'H) + 4 (H'H) + 113 (®T®) + 1, (0" P)?
+l3 (H}H)((I)T(I)) +/14<HTT”H) ((DTT“@)
+(/15H3q)*+H.C.), (9)

where we take all the parameters to be real. Here 7, = ¢,,/2
(with o, being the standard Pauli matrices) and 7', stand for
the SU(2) generators in the isospin 1/2 and 3/2 repre-
sentations, respectively.

Upon integrating out the X field in Eq. (7), a Weinberg-
like dimension-5 operator is obtained,

(YoYj + Y5 YE)LLCH®

Ls=-
5 ]W2

+H.c., (10)

where we have suppressed the generation indices. It can be
seen that once the scalars take a VEV, a Majorana mass is
generated for the neutrinos, m, < vgvy.

Before discussing the scalar and fermion sectors of the
model in detail, we briefly comment on the source of LNV
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in the model—a crucial ingredient for leptogenesis. Similar
to the case of type-II seesaw, LNV in the model can be
attributed to either the Yukawa terms or to the scalar
potential, depending on the L charge assigned to ®. First,
let us consider the case where ® carries a charge L = —2
units while X; r is assigned —1. In this case, it can be seen
that the A5 term in Eq. (9) softly breaks the L number, while
Ly preserves it [34]. In the limit, 45 — 0, the symmetry of
the scalar potential is restored, therefore, its value can be
naturally small in the "t Hooft sense [13]. Alternatively, if ®
has L = O charge, and X; p carry a unit lepton number, then
either the Y or Y¢ term in Ly, violates L number by two
units, and must be suppressed [46]. Since lepton number is
violated by two units (owing to the Weinberg operator) in
both the scenarios, one can adopt either assignment, as
shown in Table I, to realize leptogenesis. We discuss the
implications later.

A. Scalar sector

After EWSB, the Higgs VEV, vy ~246.2 GeV induces
a nonzero VEV for the neutral component of ® via the A5
term,

151]?{ /15 1 TeV?
= 5 2 0.74 Gev (25 S
T T, © <o.1 7

Since a scalar quadruplet obtaining a VEV breaks the
custodial symmetry, this induced VEV is further con-
strained by modifications to the p parameter:
p =~ (1 —6v3/v%). Using the experimental value of the p
parameter [70], the VEV is constrained to be much smaller
than the SM Higgs VEV,

ve < 2.6 GeV, (12)

which implies that 15 < 0.35 for Mg ~ O(1) TeV.
Further constraints on the scalar quadruplet can be
placed from its production and decays at the LHC. The
effective operator in Eq. (10) leads to an interesting
phenomenological signal, namely the decays of the doubly
charged component ®** into a pair of same-sign leptons
(@ — ££¢7F), after EWSB. The strength of this inter-
action is proportional to the active neutrino mass matrix,
analogous to the case of Type-II seesaw, and goes like vg!.
These decays to same-sign dileptons compete against
decays to gauge bosons ®** — W*W=, which are propor-
tional to vg. Therefore, depending on the value of vg, the
dominant decay channel is either leptonic (vg <
O(100 keV)) or bosonic (vg = O(100 keV)).* Current
searches for the decays of doubly charged scalars to

“There are also cascade decays of ®* to other components of
the quadruplet (and vice versa), and further sequential decays to
leptons or gauge bosons. See Refs. [45,48] for further discussion.

multilepton final states [71,72] or to a pair of gauge bosons
[73,74] at the LHC lead to the following bounds [45]:

{ 860 GeV, Br(£¢%) = 100%,
? 260 GeV, Br(WEW#*) = 100%.

Since the mass splitting between the different components
of the quadruplet is restricted to be AM <50 GeV from
electroweak precision data [48], the lower limits mentioned
above should generically apply to all components of ®. To
be safe from these constraints in general, we consider
Mg Z 1 TeV in our numerical analysis.

B. Fermion sector

The model contains three neutral left-handed fermion
fields v, XY, 2%", with the following mass matrix:

v v *
0 Ly, BYy\
1/ — — ou T
—ﬁuzf’:E(vi »0e 2%) AYy 0 My Y
Lyl My 0 e

+H.c. (14)

If only one generation of vectorlike fermion is introduced,
this is a 5 x 5 matrix with rank 4, leading to two active
neutrino masses, which can be contrasted with the case of
Type-III seesaw where at least two generations of fermion
triplets are required for two nonzero neutrino masses.
While a single X generation is sufficient to explain two
nonzero active neutrino masses, the generation of CP
asymmetry via X decay requires at least two generations
of X, as we discuss below. Therefore, for our case, the
resulting neutrino mass matrix is 7 x 7 which has rank 7
and leads to three nonzero light neutrino masses.

Similarly, the singly charged component of X mixes with
the SM charged leptons. From Eq. (2), we see that X} is
positively charged with left chirality and £} is positively
charged with right chirality. Similarly, (£})¢ is negatively
charged with left chirality, and ()¢ is negatively charged
with right chirality. Thus the Dirac mass matrix in the
charged fermion sector connecting the left- and right-chiral
fields is given by

e ) (5 () e

(15)

The mass eigenstates can be found by diagonalizing the
above mass matrix.

Both CMS and ATLAS collaborations at the LHC
have put stringent limits on the mass of the triplet fermions
by analyzing final states including production of up to
four light leptons, and up to three hadronically decaying
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7 leptons [75,76], leading to My > 1065 GeV. Therefore,
the mixing between the SM leptons and triplets is expected
to be suppressed by m,/My, and the weak states almost
coincide with the mass eigenstates for the charged leptons.

Since we are interested in the decays of X for lepto-
genesis, we work with the following hierarchy:
My > Mg > My, which leads to the following decay
channels: ¥ — L®,LH and ¥ — L®*, LH*. The total
decay widths and branching ratios can be found in
Appendix A.

III. NEUTRINO MASS

The effective operator in Eq. (10) generates tree-level
masses for the light neutrinos after EWSB as follows:

my* = —UH%(YcDMEIYL + Y;Ms'Yg)

/15114 _ . _
:_W—QH(YtDMZIYL"‘YHleYg)’ (16)
q)()

where the second line is obtained after integrating ®
out [cf. Eq. (11)], resulting in a dimension-7 neutrino
mass; see Fig. 1 left panel. Notice the additional suppres-
sion from A5 and M2, compared to the type-I seesaw
where m, ~ —vL,YMZ'Y'.

Moreover, the same A5 term responsible for the induced
VEV of ® also allows us to write the dimension-5 Weinberg
operator at one-loop level, see Fig. 1 right panel, with the
loop contribution given by [77]

Y (Y YL+ YE)M
loop SPp\1ol g H o)X
— Mo, My, Ms), 17
ny IZ M2 M2 f( (0] H Z) ( )

where the loop function is given by

2 2 2 2
fley.2) =~ ZZ,1n<x—2>— > ln<y—2). (18)

- Z yz—zz Z

The total active neutrino mass is given by the sum
m, = mt 4+ m . (19)

It was shown in Ref. [46] that the loop contribution can
dominate over the tree-level one in a wide region of the

FIG. 1. Feynman diagrams for the tree and one-loop contribu-
tions to neutrino mass in the BNT model.

30
"""" Me=1x103GeV
. —— Mgy=2x103GeV
251" —— My =5x103GeV
. LHC excluded region
20¢
° .
o
Ea :
g g’
> 157.
2 .
Sa :
g

101

....... myP/myee =1

0
102 108 10* 10° 106 107 108
Ms [GeV]

FIG. 2. Comparison of the loop (dimension-5) and tree (di-
mension-7) contributions to neutrino mass in the BNT model
with respect to My for different values of M. The green dashed
line represents m."/mi" = 1, whereas the vertical shaded
region is excluded from LHC searches for triplet fermions.

parameter space. In Fig. 2, we compare the loop and tree
contributions to neutrino mass with respect to My
for fixed values of M. It can be seen that for the allowed
range of X masses above the TeV scale, the dimension-5
operator-induced loop contribution is dominant over
the dimension-7 operator-induced tree contribution and
the loop dominance increases with the higher values
of M o

Next, we discuss the parameterization of the Yukawa
matrices of Eq. (8) to satisfy the constraints from the low-
energy neutrino sector, as the Yukawa values play an
important role in determining the CP asymmetry produced
in X decays.

Owing to two sets of distinct Yukawa matrices Y4, and
Yy in the BNT model, as opposed to a single Yukawa
matrix in canonical seesaw, we adopt the generalized
Casas-Ibarra (GCI) parametrization approach outlined in
Ref. [78]. The neutrino masses in the model following the
hierarchy My > Mg, > My can be written as

m, = yTMy’ (20)

where Y = (YL, Y})T is a 4x3 complex matrix
[cf. Eq. (8)], and

is
T R (21)
Z
1
0 4= 0 0
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La H -

FIG. 3.

where
fi=MgIn(M3 /Mg) — My In(M3. /M%), (22)

where we have neglected the tree-level contribution to
neutrino masses as they are subdominant (cf. Fig. 2). The
Yukawa couplings can then be written as [78,79]

Y =ViD/*RD;/* U, (23)

where V is the unitary matrix that diagonalizes M such that
M =VTD,,V, and is given by

i 0 —i 0
1o i o —i

V=—0 , 24
V21 0 1 o0 (24)
01 0 1

U is the PMNS matrix diagonalizing the light neutrino
mass matrix: D,, = U'm,U, and R is a complex semi-
orthogonal 4 x 3 matrix

H3x3
R=Ris- (). 3)

where R’ € SO(4) and is characterized by six complex
angles 6, j's

IV. LEPTOGENESIS

With the assumed hierarchy My > Mg > My, the
heavy fermion triplets can decay out-of-equilibrium to
the SM leptons along with either the SM Higgs H or
the quadruplet scalar @ (and their conjugates) via the
complex Yukawa interactions Y and Y, respectively. We
define the yields

ni

Y, =—,

i Yo=Y -1 (26)
s

Some of these angles can be set to 0, for example, depending
upon any imposed flavor symmetries or whether the lightest
active neutrino remains massless. For instance, we find that fixing
6,3, 0,4 = 0 enhances the CP asymmetry.

----H P H

Tree and one-loop diagrams for the decays of ¥ to L® and LH that produce the CP asymmetry in the BNT model.

where n; are the corresponding number densities, and s =
(272%/45)g,T? is the comoving entropy density of the
Universe, with g, being the effective relativistic degrees
of freedom and 7 being the temperature.

If @ carries a lepton number, these decays themselves do
not violate lepton number. A nonvanishing CP asymmetry
(ex) is nevertheless produced in their decays due to the
interference of the tree and one-loop level diagrams shown
in Fig. 3, leading to a net asymmetry in the lepton doublets
(Yar), as well as in the scalars (Y g, Yay). This in turn
induces an asymmetry among the triplets (¥ ,x). Because
Mg > My, the lepton number stored in the ® sector is
eventually washed out later via the ® - HHH decay
sourced by the AsH3®* term in the scalar potential. On
the other hand, when ® does not carry a lepton number,
either the decay channel ¥ — LH (and X — LH*) or & —
L® (and T — L®*) violates LN, while the decays to ®
conserve it. In either case, the SU(2), sphalerons reprocess
the asymmetry in the SM leptons to a baryon asymmetry

Yap = 3CsthAL’ (27)

where ¢, = 0.461 is the sphaleron conversion factor
derived in Appendix B, and the factor of 3 comes from
the three components of X. The per component lepton
asymmetry can be expressed as

135¢(3)
2z,

Yar =esn¥s (T > My) = esn (28)

in terms of the CP asymmetry ey and efficiency
parameter # such that 0 < es,n < 1. The n parameter
incorporates the effects of washouts, and must be
determined via the solution of the Boltzmann equations,
with =1 implying maximal efficiency (negligible
washouts). The equilibrium yield Y3! = ng!/s is the total
number of triplets (ny + ns) per unit entropy, and g, =
114.75 is the total number of relativistic degrees of
freedom at high temperatures, obtained after accounting
for the @ multiplets. In order to match the present day
value of Y%, = (8.58 £0.17) x 10! [70], we would
thus require Y9, = (1.92 £ 0.04) x 10719,
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Similar to the case of the Type-III seesaw, these fermion
triplets have gauge interactions that are in equilibrium for
T > Mg, but get doubly Boltzmann suppressed at
T < My. Unless the Yukawa interactions are strong enough
[Yyo 2 O(0.01)], these gauge annihilations typically
dominate and deplete the X abundance. Subsequently,
the decays of the remnant triplet population are not enough
to generate the lepton asymmetry required to match the
observed BAU.

As the Yukawa couplings in the BNT model can be much
larger compared to the canonical seesaws, one can easily be
in the Yukawa-dominated regime to reproduce the BAU for
My <10 GeV—below the DI-equivalent bound for
Type-III seesaw leptogenesis. The consequence of having
large Yukawas is analogous to Type-III seesaw leptogenesis
with a second Higgs doublet with vy, < vg, wWhere the
lower bound on the Majorana triplet was found to be
~O(107) GeV for a hierarchical spectrum of triplet
masses [80].

A. CP Asymmetry

For a hierarchical spectrum, My > My , we consider
only the decays of the lightest fermion triplet X, as the
asymmetry generated in X, decays is washed out by X,
interactions. Therefore, we drop the subscript to simplify
the notation: £; = X. The CP asymmetry is generated via
the interference of the tree-level and loop-level diagrams
shown in Fig. 3. Notice that the scalar in the external state is
different from the one in the internal loop due to the
vectorlike nature of Z.

The CP asymmetry for the two different decay channels
is defined as

B Za[F(Z - I:H) - F(i - LH*)}

H = Ty ’
by SalE—L®)-TE— Lo
Ty

where T’y = I's is the total decay width of X, ¥ (hence the
factor of 2 in the denominator). An explicit calculation
leads to the following result:

¢y = L MY/ (2, 20) + 2Im{Y')/, (25, 20)
2 3(Yj Vi) +4(Y5Yoe),
_ L Im[Y']f (25, za) + 2Im[Y"]f, (25, 200)
® o 3(YRYu) +4(YeY o),

’

. (30)

where 2y = M3 /M3, 20 = Mo/M,. 2y = Mjy/ M3,
and

Y=Y)i(YoYo)u

Y = (YuYe)1(Y5Yo)o (31)

The loop functions f; , corresponding to the contribution
from the self-energy and vertex correction, respectively, are
given by

Fulay) = Vi 1—y—<1+x—y>ln(1+§—§)]

X

Fulry) =25 (12 (32)
—x

It is straightforward to see that €4 = —ey in the limit

Ze, 2y — 0, a consequence of CPT and unitarity [81,82].
The total CP asymmetry generated in X decays thus
becomes

Ey = Ep — €y — 28@. (33)

The form of the products Y and Y’ suggest that in the
presence of a large hierarchy among the Yukawas, i.e.,
Yyu>7Ys or Yy <Yg, the CP asymmetry gets sup-
pressed.6 Instead, it becomes maximal when Y¢ ~ Yy,
implying that Brg, ~ 0.6 and Bry ~ 0.4, see Appendix A’

Now we discuss whether there exists a bound on the
maximal CP asymmetry in the model, analogous to the DI
bound for the Type-I seesaw [57]. Unlike the case of Type-I
or Type-III seesaw, the CP asymmetry and neutrino masses
involve different contractions of Yukawa matrices and a
standard DI bound can not be defined.® As the factors of As
and loop suppression f” that suppress the neutrino masses
allowing for O(1) Yukawas do not appear in the expres-
sions for ey, the CP asymmetry can be as large as O(1).
However, such large Yukawas would also enhance AL = 2
scatterings such as L® <> LH mediated by X, that can
wash out the produced lepton asymmetry. These scattering
processes scale as

Yul* Yol
Ty oy 2L T3 34
AL=2 327M (34)
Demanding that these scatterings are out-of-equilibrium,
Car—2/H <1 at T ~ My, gives us

M 1/4
Iy £0.1 <m> ) (35)

where |Yo| ~ [Yy| ~ |y], and H = 1.66,/g,T/Mp, is the
Hubble rate with Mp = 1.22 x 10" GeV being the
Planck scale.

®This is the case when @ does not carry L and the lepton
number is violated in either of the Yukawa couplings.

If Y oai = Y hai» the imaginary part of Y and Y’ is zero, and the
CP asymmetry vanishes.

Similarly, we cannot relate the I'y to m, for the analysis as
opposed to the case of Type-II and Type-III seesaw, see Ref. [60]
for more details.
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B. Boltzmann equations

The cosmological evolution of the asymmetries dis-
cussed above are determined by solving the following
set of coupled Boltzmann equations (BEs)

dYs Yy Y2
sl =2 1) ~4n (1) @9
dy
sHx Az = 2}/2(BI‘¢,X(D - BI'HXH), (37)
dy Y
sHx ditbz}/z |:€E (Y_ejl_l) —2qu)Xq):|

<Y AD 3YAH
—V3H

) 2rn(Xo ). (39

dy
sHx diH ):|:€Z (qu 1) —2B1‘HXH]

Y 3Y
+31r3n (ﬁ - Yé{’) + 27 (Xo + Xn),
@ H
(39)
dy Y
sHx AL :27/2 Ey _CXq_ 1 —qu)X@—BrHXH
dx Y5
- 475ub(XCI> + XH)’ (40)
where x = My /T and
Yar  Yao Yas
Yoty T .
Yas | Yar Yaw
The equilibrium yield is given by
45¢;
= K (). (43)
4r* g,

where x; =M;/T and K,(x) is the modified Bessel
function of the second kind of order n.

The first BE (36) takes into account the evolution of
¥ =73, + X, which includes its decay, inverse decay and
scattering processes. The rest of the BEs (37)—(40) track the
evolution of asymmetries in different species. The decay
and scattering rate densities are given by

_ . eq Kl (ma/T)
Ya—ij = Na 7Fu—>ij’

T & N NG
Yab—ij = 647141““" ds\/Ea(s)Kl <T) (44)

Here 6 is the reduced cross section and s, = (m, + my)>.
Analogous to the case of Type-II seesaw [68], not all of

these equations are independent as there exists a sum rule
from hypercharge conservation, which leads to the follow-
ing relation among the asymmetries in various species

2AY 4+ 3A® + AH - AL =0. (45)

Below, we discuss the effects of various terms included in
the BEs above.

Gauge interactions— Due to their nonzero hypercharge,
the fermion triplets in this model have stronger gauge
interactions than that of Type-IIl seesaw. The gauge
interactions include XX <> ff, HH*,GG' where G(f)
denotes gauge bosons (fermions). The total reduced cross
section for these annihilations that tend to suppress the =
population is given by [83]

on =22 Lo -0)- -3 (1) a9

with = /1 —4/y and y = 5/M%. The reaction density
can then be written in terms of 6, as
M3 Ki(x \f )34
= 47
YA 6471-4 Kmm y\/_ ( )

As mentioned above, these gauge scatterings/annihilations
are initially not in thermal equilibrium for 7’ > My, and are
doubly Boltzmann suppressed at late times, 7 < My. The
strength of these interactions is maximal at 7 ~ My. This
behavior can be seen from the blue curves in Fig. 4. For the
triplet with hypercharge 1, it can be checked that for
My < 10'° GeV, the triplets always thermalize irrespective
of their initial abundance, hence, they play an important
role in the evolution of X abundance. However, they do not
appear in any of the asymmetry equations as they always
involve pair annihilations.

Yukawa interactions. The effect of Yukawa interactions
that leads to the decays of X is incorporated in €y, and yy
which includes the total decay width of X. These inter-
actions compete against the gauge interactions; if
va/(nsH) > 1 and yy < y,, the gauge interactions domi-
nate and the triplets annihilate before decaying, thus
significantly suppressing the efficiency of leptogenesis.
At T < My, the decays have a single Boltzmann suppres-
sion in contrast with the double suppression of the gauge
interactions. Hence, if yx > 4y,, the decays dominate and
the triplets will decay before annihilating, making lepto-
genesis more efficient. We find that yy > 4y, around x =
x4 ~ 10 for O(0.1) Yukawa couplings.

Since the Yukawa couplings in the model are not
suppressed by neutrino mass, and can take larger values
than in canonical seesaws, it is easy to satisfy the condition
Yz > 4}/A for
be neglected in the BEs, and the suppressed efficiency of
leptogenesis is mainly due to the washout from inverse
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10-3 [BP2 : M5, = 1.7x10° GeV] \ \
1071 100 10!
x=ms/T

FIG. 4. Thermalization rates for gauge, Yukawa and scalar interactions relevant for the Boltzmann equations for two benchmark points

indicated in Table III.

decays that scale as |y|>, which become suppressed at
T < My. The inverse decays are taken into account by
the terms in the square brackets not multiplied by ey
in Egs. (38)—(40). The efficiency is enhanced if these
inverse decays also decouple around x,. The decay and
inverse decay rates are shown by black solid and dashed
curves, respectively, in Fig. 4 for our choice of benchmark
points.

Next, we discuss the AL = 2 scatterings involving the
Yukawa interactions. The vectorlike nature of X allows only
AL = 2 scattering L® <> LH and its conjugate process.
The on-shell rate of these processes has already been
accounted for via the inverse decays and decays in the
BEs; therefore, only the on-shell or real intermediate state
(RIS)-subtracted part of these rates needs to be tracked. We
define yo, = 7, + 7, corresponding to the s- and #-channel
processes. The complete expressions for these can be found
in Appendix A. These rates are not only suppressed by |y[*,
but also fall off at x> 1, therefore their effects are
subdominant compared to the decays/inverse decays for
ly| £ O(0.1), and can be neglected for My = O(TeV), as
discussed above.

Scalar interactions. The 15 term in Eq. (9) required for
neutrino masses leads to the three-body decays ® - HHH
as well as 2 < 2 scatterings such as ®H* < HH. The
decay rate for ® - HHH in the limit Mg > My can be
written as

322

~——==Myg. 48
O—-3H 25671’3 [ ( )

The reduced scattering cross section for the contact
interaction in the limit s > M2, M2, is given by

. 9/1§
OoH*-HH = Tor'

(49)

Hence, we define

Y3H = VYo-3H t YoH —HH
32M,

= m[xcpm(x@) + 3K (xg)].
(0]

(50)
The y5p term appears only in the BEs for A® and AH, where
the factor of 3 in the BE for AH appears as these processes
change H number by three units. In Fig. 5, we show the
region where these interactions are in equilibrium in the A5
and x¢ plane for different values of M. The thermalization
rate for these interactions is shown by red solid lines in Fig. 4.

V. RESULTS

The asymptotic lepton asymmetry generated in X decays
can be determined by numerically solving the coupled BEs
(36)—(40). Let us first discuss the implications for different
asymmetry equations. If we ignore all the contributions
from scalar interactions and the washout from inverse
decays, the set can be simplified by ignoring the scalar
asymmetries to only solve for Yy, Yy and Y ;. In this case,
itis easy to see that Yo; = Yap — Yap, and Yay = =Y o,
as all these asymmetries have the same source.

Next, let us include the y;5 term which ties the scalar
asymmetries together. If these interactions are in equi-
librium at T ~ My, then the asymmetry in @ will be
quickly washed out. Conversely, if they remain out of
equilibrium at all times, they can be neglected. In Fig. 5,
we see that these interactions are always in equilibrium at
T ~ Mg for 15 > 107%; therefore, in order to track the
lepton asymmetry correctly, we must carefully account
for these interactions and track the scalar asymmetries.9

%Since the y;y interactions come into equilibrium already
when the sphalerons are active, we include their effect to
determine the modified sphaleron conversion factor in the model,
see Appendix B.
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FIG. 5. Region in the (x4, 45) plane where the scalar quartic
interactions are in equilibrium (shaded regions) for different
values of M. The vertical line is for T = Mg,

Similarly, including the inverse decay contribution
encoded in X4 ;4 also relates the scalar asymmetries to
the lepton asymmetry.

We find that including the y;5 processes can change Yz,
by O(1) factors for the range of parameters we work with.
This is due to the fact these interactions suppress the ®
population and thus modify the washout from inverse
decays involving ®. In other words, @ produced in the
decays of X can quickly decay to the SM Higgs or scatter
before it can participate in the inverse decay contributing
to washout, thus slightly enhancing the final lepton
asymmetry.

In order to analyze the parameter space where lepto-
genesis is viable, we numerically solve the BEs for a
random scan of the following set of free parameters:

Ms [GeV]

3.5x107 10° 101 10%! 1013 104

10'2

vy > 2.6 GeV

10°
Mo [GeV]

106

TABLE II. Summary of the model parameters and their
corresponding variation ranges explored in the numerical scans.

Parameters Range

My, [10%,10'5] GeV

r [2, 10]

Mo [10°,10%] GeV

As 1077, 1]

0;; [1073,10°] x exp (i[0, 27])

{Mz,Mchs,@ij”’EMZZ/MEI}’

as the Yukawa couplings are already fixed by the GCI
parametrization. The ranges over which the parameters of
interest are scanned are given in Table II. We select those
points that lead to Y}, = (1.92 £0.04) x 10~!°. The
parameter space where leptogenesis can work in the model
is shown in Fig. 6. The scale of My above which lepto-
genesis becomes viable depends on the hierarchy among
the triplet masses, we show this dependence in the right plot
of Fig. 6. Note that for » ~ 1, we enter the quasidegenerate
regime which requires a different approach, as we discuss
in the next Section.
For r = 2, we find that leptogenesis is viable for

My, 2 3.5 %107 GeV, (51)
while for larger values of r, the lower bound goes up
slightly, as shown in Fig. 6 right panel. A representative set
of values of other parameters for this fixed value of My are
shown in Table III, and we label the set as BP1. The
corresponding Yukawa matrix structure comes out to be

Ms, =1.7 x 10% GeV

103

FIG. 6. Left: Viable parameter space for hierarchical leptogenesis in the BNT model in the (Mg, 45) plane, where each point
corresponds to a different value of My as shown in the color bar. The gray region in the top-right corner is excluded from the constraints
on the p parameter. Right: The dependence of the lower bound on My on the hierarchy among the triplet masses. Leptogenesis is not

viable in the shaded region.
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TABLE III.

Set of benchmark points associated with the lowest possible scale for My, above which one can successfully reproduce the

baryon asymmetry via leptogenesis in the BNT model. BP1 and BP2 correspond to the hierarchical and resonant cases, respectively. The
remaining angles 6,3 and 6,4 in the GCI parametrization are set to zero here.

Ms, (GeV) r Mg (GeV) A5 ve (GeV) 012 013 014 034

BP1 3.5 x 107 2 1000 1075 74x107 —0.003 —0.005; 0.001 0.241-0.179i —-1.56+0.018i
BP2 1.7 x 103 ~] 1000 0.01 0.074 -0.003 —0.005; 0.001 0.241 -0.179¢ —1.56 + 0.018i
—0.008 — 0.015/ —-0.98 —2.2{ asymmetry decays away. On the other hand, the scalar

Yo = | 0.026+0.080i 5.38—1.86i | x 102 interactions will deplete the asymmetry in @ once they
. i ’ come into equilibrium, as seen from the downward gradient

0.041 +0.067i  4.76 + 1.77i of the blue curve. Notice that Y,; and Y,e curves are

0.002 + 0.020i —-0.98 — 1.2i following each other closely, therefore, in order to satisfy

Yy = | 0052-0062i 5.55-1.86i | x1072.  (52) Eq. (45), Ypoy =Yy — Yy comes out to be negative.
0.036 — 0.063i 491 + 1.77i Indeed, our numerical solution agrees with this, and we

First of all, we see that Yq ~ Yy, consistent with the
discussion above for maximizing the CP asymmetry.
Second, the structure exhibits a strong hierarchy among
the Yukawa couplings of X, and X,, |¥;;| < |Y |, implying
that the inverse decays involving X, are further suppressed;
this pattern is also seen in other low-scale leptogenesis
scenarios [84]. Moreover, the similar values of the Yukawa
couplings along with a small A5 for this BP suggest that
giving @ a lepton number, L = —2 is more natural in the
hierarchical case.

We also show the evolution of abundances and asym-
metries for BP1 in the left panel of Fig. 7 in order to
understand the dynamics. It can be seen that the lepton and
the scalar asymmetries (green, blue and violet curves) get
dominantly produced at x > 1, once the decays of X go out
of equilibrium and its abundance gets suppressed (black
curve). The solid orange line shows the evolution of the
asymmetry in X, with the lepton asymmetry freezing
around the peak of the orange curve, after which the X

— Y
|Yaz|
Yao
[Yanl
YaL
Y

1072
107 I
1076
>
108

10-10

10-12

[BP1 : Mg, = 3.5%x107 Gev]

10—14

107t 100 10! 102

x=my/T

FIG. 7.

thus plot |Y | in violet. Hence, for x > 1, the downward
slope of the violet curve corresponds to the increase in the
H population coming from ® — 3H decays.

VI. LOW-SCALE LEPTOGENESIS

The results from the hierarchical scenario show that
leptogenesis is viable a few orders above the TeV scale,
thus undermining the original motivation of the BN'T model
to realize a realistic neutrino mass generation mechanism
along with interesting TeV-scale phenomenology. To alle-
viate this tension, we now consider the possibility of
lowering the leptogenesis scale via resonant enhancement
of the CP asymmetry by considering a quasidegenerate
spectrum of X, similar to the resonant leptogenesis in
canonical seesaw models [63,85]. For the resonant
enhancement, we require

r
AMy ~ % <Msy, . (53)

107!

Yz

1073

10-°

1077
>

1079

10-1

1013

BP2: My, = 1.7x10°% GeV
[ ]

10—15

1071 100 101 102

x=ms/T

Evolution of abundances and asymmetries in the hierarchical (left) and quasi-degenerate regime (right) for our two BP choices

shown in Table III. The solid red line corresponds to the required asymmetry today Y%, = (1.92 & 0.04) x 1071°.
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It can be seen that in the limit My ~ My , the self energy
loop function in Eq. (32) diverges. Hence, the loop function
must be regulated by including the X, decay width, so that
we have [86]

fl»;cg(zzv ZF) = ( (1 _ZE)ZF

B 54
1—z5)?+ 2 (54)

where zz = M3 /M3 and zr =I'y,/My,. The CP asym-
metry in the resonant scenario can be written as

1 Im[Y]fzeg(Zz, ZF)MZ]MZZ

€1 = 50487 Ty Ty, ’
L1 Im[Y']f3* (25, 2r) M5, M, (55)
® = 20487 Iy Ty, ’

and can be as large as O(1). This enhancement thus allows
us to have leptogenesis at the TeV scale. We find that for
re~1, My > 1.7 TeV (see Fig. 6 right panel), similar to
that for Type-II and Type-III seesaw leptogenesis [69], thus
restoring the original motivation for the BNT model as
providing a new neutrino mass generation mechanism at
the TeV scale, while simultaneously explaining the BAU.

The representative values of other parameters corre-
sponding to this value of My are labeled as BP2 in
Table III. The corresponding Yukawa matrices are given by

-0.013 - 0.024i —-1.13 —2.52i
Yo = 0.041 + 0.13i 6.22 —2.16i | x 1073,
0.064 +0.11i 551 +2.04i
0.003 +0.032i -1.13 —1.38i
Yy = | 0.082-0.098 642-2.15i | x107>. (56)
0.058 —0.0997  5.68 4 2.04i

Once again, the Yukawa matrices are of similar order Y ~
Yo and |Y;| < |Y;,| like the hierarchical case above.
However, notice that they are much smaller ~O(1075)
compared to BP1. This decrease in Yukawas is instead
compensated by a larger value of 15 ~ O(1072). Therefore,
in this scenario, it is natural to shift LNV directly into the
Yukawa sector instead of the scalar sector.

The evolution of the abundances and asymmetries corre-
sponding to BP2 are shown in the right panel of Fig. 7, and
can be contrasted with the hierarchical case shown in the left
panel. The consequence of large A5 is immediately seen by
the rise and decline of the asymmetry in @, while the lepton
asymmetry freezes in. For BP2, as ys;y is always in
equilibrium during the evolution, Y 5y is positive in contrast
to BP1. In addition, for x > 1, as Y »¢ quickly goes to zero,
the populations of Y,y and Y,; become exactly the same,
which once again validates Eq. (45).

Moreover, models with low-scale seesaws are in general
subjected to constraints from lepton flavor violation, and in

this case also Higgs lepton flavor violating couplings, see
Ref. [87]. This is attributed to the presence of a dimension-
6 operator that is obtained after integrating the heavy
fermions out, yielding a nonunitary PMNS matrix. Such
constraints typically place limits on the Yukawa couplings
of the form [77]

0.0004 for aff = pe
TeV) 2
Y;iYai Mi < 0.24 for aﬂ = 1€ (57)
> 028  for aff = u,

which is easily satisfied by our choice of BP2. Further, the
collider phenomenology for the TeV-scale BNT model has
already been discussed in Ref. [45-50] which applies to our
resonant case as well. We show the values of v4 for our BPs
in Table III. In the hierarchical case, as 45 is suppressed, we
get vg = 74 keV, implying that the dominant decay
channel is to dileptons, whereas for the resonant case,
we get v = 74 MeV and the dominant decays will be to a
pair of gauge bosons.

VII. CONCLUSIONS

In this work, we have studied leptogenesis in the Babu-
Nandi-Tavartkiladze (BNT) model with fermion triplets
and a scalar quadruplet. In this model, neutrino masses are
generated at the tree level via a dimension-7 effective
operator, as well as at the one-loop level via the dimension-
5 Weinberg operator. Although this model was proposed
many years ago and its collider phenomenology has been
extensively studied, to the best of our knowledge, this is the
first detailed study of leptogenesis in the BNT model and,
more generally, in a framework where both fermionic and
scalar multiplets larger than SU(2), triplets participate in
neutrino mass generation and leptogenesis.

The presence of vectorlike fermions and two indepen-
dent Yukawa couplings makes this scenario distinct from
canonical seesaw-based leptogenesis. Whereas in canonical
Type-I leptogenesis the heavy Majorana mass provides the
source of lepton-number violation, the original BNT
realization contains vectorlike fermions with Dirac masses,
while lepton number is broken by the scalar interaction.
Moreover, the small induced vacuum expectation value of
the scalar quadruplet allows significantly larger Yukawa
couplings while reproducing the observed neutrino masses.
This enhances the CP asymmetry and lowers the scale
required for successful leptogenesis compared with canoni-
cal seesaw scenarios.

We also consider the alternative realization discussed in
Ref. [46], in which lepton-number violation originates in
the Yukawa sector. We show that both realizations can
successfully account for the observed baryon asymmetry,
with the Yukawa-induced realization being particularly
well suited for resonant leptogenesis.
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We find that for a hierarchical spectrum of triplet masses
Ms, > 2My , leptogenesis is viable for My 2
O(107) GeV which, although lower than the DI bound
of 10° GeV in canonical seesaw, is still beyond the
experimental reach, thus undermining the original TeV-
scale testability of the model. However, a quasidegenerate
spectrum of fermion triplets allows us to resonantly enhance
the asymmetry production and lowers the viable scale down
to O(TeV). While we do not consider flavor effects [88] in
our analysis, which can indeed be important for the scales
mentioned above, we expect the bound in the hierarchical
case to be further lowered by about an order of magnitude,
analogous to the case of Type-IIl leptogenesis with an
additional Higgs doublet getting a small VEV [80]. On the
other hand, the bound in the resonant case is extremely
close to the absolute lower bound on leptogenesis with
triplet fermions and scalars evaluated after considering
Sommerfeld corrections [69], and is therefore not expected
to be lowered further once the flavor effects are included.

The results of this work can be analogously applied to
other neutrino mass models with higher-dimensional oper-
ators involving multiplets beyond the triplets. The viable
leptogenesis scale could be similar or even smaller by a few
orders of magnitude as they would be free from the
constraints on the SM Higgs, unlike the BNT model.
Future searches for multicharge fermions and scalars at
the colliders as well as probes of lepton flavor violation at
low scale can shed some light on the parameter space of
these higher-dimensional operator-based neutrino mass
models.
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APPENDIX A: DECAY AND
SCATTERING RATES

The total decay width of X can be written as

3 4
- Ms, (YLYH)ii‘f’_(YZDY@)ii ;

= Al
32 3 (A1)

and ng = I'y,. The branching ratios are given by

i . (A2)

If the Yukawas are similar, the branching ratios become
Brg ~ 0.6 and Bry ~0.4.

The thermally averaged RIS-subtracted rate for AL = 2
scattering process in the s channel is

4

_ My,
yS(LﬁH - L, @) = : |Y<I>,,l |2|Y1r1,,1|2/d)’)’3/2

T 10247°x
12 —ap
e L

where we have defined y = s/M% and ar = I'?/M%. On
the other hand, for the ¢ channel we have

— 3M§1 2 2 -1/2
71(LﬂH - Laq)) = m ‘Y‘I’ﬂ1| |YHa1| /dyy

X (y = In (1 +y))K; (y/yx). (A4)

APPENDIX B: SPHALERON REDISTRIBUTION
COEFFICIENT

The asymmetry created in the standard model leptons
can be redistributed among the other fermions and scalars
via the Yukawa interactions that are in equilibrium. These
processes also known as spectator processes can lead to the
conservation laws for the individual number densities, 7,
which for ultrarelativistic bosons and fermions is given by

S ,uxngz{% for fermions7 (B1)
3 1 for bosons
where p, and ¢, stand for chemical potential and internal
degrees of freedom of the species x, whereas for a massive
particle the number density is expressed as

m
”x—”x:ﬂx—ngzFi<—x>,
7

. (B2)
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with

3] 2 _ 2,y
yvy —ze
Fi—/ i zeop (B3)

For our model the appropriate conservation laws read as,
(i) Hypercharge neutrality of the plasma,

3(ug+ 24y —pa—pr—He) +21p + 1201 =0.  (B4)

(i) SU(2), sphalerons:

g+ py =0 from Ogy =TT}, 71q;9;,9;.  (B5)
(iii) SU(3), sphalerons:
g =ty = Ha = 0. (B6)
(iv) Yukawa interactions:
o=y —pe =0 from LHep,
g — by —Ha =0 from Q;Hdp,
Mg+ pE —p, =0  from O, Hup. (B7)

(v) Scalar interaction:
U —3uy =0 from H3®*, (B8)

Here ¢, ¢ stand for the SU(2) quark and lepton doublets,
while u, d, e stand for the right-handed up, down and
electron singlets in the SM. Solving the above system of
equations and defining

He = 3% (2uq + py + Ha)s
pe =3 % (2u + p.) — 8o, (B9)

we find that

100 u
Hp = mﬂB_L, or, iac P Cspn = 0.461.

(B10)
HB-L

This is the sphaleron conversion factor used in our
calculation of the final baryon asymmetry.
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