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With a goal toward explaining the observed baryon asymmetry of the Universe, we extend the standard
model (SM) by adding a vector-vector dimension-six effective operator coupling a new Dirac fermion y,
uncharged under the SM gauge symmetries but charged under baryon number, to a quarklike up-type
fermion and two identical down-type fermions. We introduce baryon number violation by adding Majorana
masses to y, which splits the Dirac fermion into two Majorana fermions with unequal masses. We speculate
on the origin of the effective operator, the Majorana mass, and the new physics sector connection to the SM
by considering some ultraviolet completion examples. In addition to the baryon number violation, we show
that C and CP invariances can be violated in the theory, and the interference between tree and loop
amplitudes with on-shell intermediate states can lead to a baryon asymmetry in y decay and scattering
processes. We provide numerical estimates for the baryon asymmetry generated, and for the neutron-

antineutron oscillation rate.
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I. INTRODUCTION

It has become established observationally over the last
few decades that there is an excess of baryons over
antibaryons in the Universe, the so-called baryon asym-
metry of the Universe (BAU). From a particle physics
perspective, although many proposals exist, the mechanism
by which the BAU has arisen is yet to be settled.
Irrespective of the specific mechanism, the generation of
the BAU requires that the three Sakharov conditions [1] be
satisfied in any candidate theory, namely, (i) C and CP
violation, (ii) baryon number violation, and (iii) departure
from thermal equilibrium. Although the standard model
(SM) of particle physics has the necessary ingredients, with
the baryon number violation provided by nonperturbative
effects (instantons [2] or sphalerons [3]), it is commonly
held that it cannot generate the observed BAU, falling short
by not having a big enough CP violating effect, and, for the
now measured Higgs mass, by not having enough departure
from equilibrium when the electroweak sphalerons are
operative. This perhaps suggests that some beyond the
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standard model (BSM) physics is responsible for generat-
ing the BAU. Many BSM proposals for generating the BAU
exist (for reviews, see for example Refs. [4,5]), including
electroweak (EW) baryogenesis, leptogenesis, grand uni-
fied theory baryogenesis, etc., but it is not known which of
these, if any, really generated the observed BAU.

With an aim to generate the required baryon asymmetry,
in this work we extend the SM by introducing a new BSM
Dirac fermion y, uncharged under the SM gauge sym-
metries, coupled to an up-type (U) and two down-type (D)
quarklike fermions. This interaction assigns nonzero
baryon number to y. We introduce baryon number violation
by introducing a Majorana mass for y, which splits the y
into two Majorana fermions X', with unequal masses. We
write down a BSM effective theory which has a rich enough
structure to satisfy the Sakharov conditions and generate
the BAU directly by the decay and scattering processes
involving the X. We consider an effective theory with a
dimension-six four-fermion operator of the (X'U)(DD)
type, where the parentheses indicate which spinors are
Lorentz contracted, and we analyze in detail the scalar-
scalar (SS) and vector-vector (VV) Lorentz structures in the
interactions. Our work thus belongs to the so-called
neutron-portal class of models since this operator couples
the electromagnetic (EM) charge neutral X' to the UDD
operator that has quantum numbers of the neutron. The
Sakharov conditions are satisfied in our proposal, since
(i) phases in the interaction of X to quarks and in the X
Majorana mass lead to C and CP violation, (ii) the
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interaction assigning nontrivial baryon number to X
implies that the X Majorana mass gives baryon number
violation, and (iii) the decay and scattering processes of the
X in the backdrop of the Hubble expansion of the Universe
leads to a departure from thermal equilibrium. We do not
rely on sphaleron dynamics to generate the baryon asym-
metry as in electroweak baryogenesis [6] but rather directly
generate a quark-level asymmetry. Our mechanism is in the
spirit of leptogenesis [7] in which a lepton asymmetry is
directly generated, but it differs in that we directly generate
a baryon asymmetry.

In our effective theory, proton decay does not occur at the
perturbative level since lepton number remains a good
classical symmetry of our Lagrangian density, while only
baryon number is broken, and for proton decay to occur,
both these symmetries must be broken. X exchange
induces the baryon number violating neutron-antineutron
(n — n) oscillation, which is being searched for in experi-
ments. If the X mass is low enough, then a positive signal
could result, while if it is too heavy, null results will place
nontrivial constraints on the new-physics parameter space.

Next, we contrast our work with other works in the
literature that have similar ingredients to ours, namely, the
generation of the baryon asymmetry via dimension-six
operators involving the X and the U, D. An important
distinction between our work and the other earlier works is
that others consider higher-dimensional SS interaction,
while we focus on the VV interaction. We show in this
work that by suitably antisymmetrizing in the color indices,
the VV interaction allows the (XU)(DD) interaction with
two same flavor D fields, while this is forbidden for the SS
interaction. Another distinction is that we focus on the
baryon asymmetry generation through one effective oper-
ator, namely, the (XU)(DD) VV interaction as mentioned
above, while other works involve contributions with two
different operators being present. We include both decay
and scattering processes in computing the baryon asym-
metry, while many other works only include decay.

Some of the other works that have substantial overlap
with our work generate the baryon asymmetry as follows:
Ref. [8] in decays with the SS interaction in a grand unified
theory framework with the (X'D)(XD) and the (XD)(UD)
operators present, Ref. [9] in decays with the (XU )(D,D,)
and (XU)(UX) SS interactions necessarily involving two
different D, flavors, Ref. [10] in decay and scattering
processes involving the (X'D)(UD) and (XU)(UX) SS
interactions with a single D flavor, Ref. [11] in X scattering
on SM quarks with a specific SS operator with two SU(2)
doublet quarks and one singlet, and Ref. [12] in scattering
channels with a general set of SS operators. Other works
with a somewhat different focus for the generation of
baryon asymmetry include Refs. [13—15], which consider
the decay rate asymmetry of a baryon number violating
scalar into six quarks vs antiquarks; Refs. [16,17] via the
oscillation of baryons into antibaryons; Refs. [18,19]

through SM CP violation in charm and bottom meson
decays and in conjunction with a dark sector; in super-
symmetric extensions in Refs. [20-25]; and in theories with
new colored scalars in Refs. [26-32]. For a more compre-
hensive list of related references, we refer the reader
to Ref. [10].

This paper is organized as follows. In Sec. II we lay down
the effective theory with the y and U, D. In Sec. III we
speculate on the origin of our effective theory from some
ultraviolet (UV) completion possibilities, ways in which the
baryon number violating sector is coupled to the SM. The
simplest UV completion we write takes the U, D as new
BSM quarklike vectorlike fermions, and the subsequent
analysis primarily focuses on this. However, we also present
UV completion examples where the U, D could be identified
with SM chiral quarks, but the phenomenological implica-
tions of this possibility is somewhat cursory in this work. In
Sec. IV we discuss in general terms how in our theory the
interference of tree and loop amplitudes yields a baryon
asymmetry, considering the baryon asymmetry generation
in the X, decay process in Sec. IVA and in X, scattering
processes in Sec. [V B, and provide numerical estimates of
the size of the baryon asymmetry that could be generated. In
afollow-up work [33], we give a concrete implementation of
the baryon number generation mechanism discussed here
through specific Feynman diagrams at tree and loop levels,
and compute more accurately the baryon number asymme-
try that is generated in our effective theory. In Sec. V we
write the Boltzmann equations for the X number density and
for baryon number density in the early Universe and obtain
an estimate for the M, mass scale indicated if X is to deviate
from equilibrium in the expanding Universe. In a follow-up
work [34], we numerically solve the Boltzmann equations
and obtain a more accurate computation of the BAU
obtained in our theory. In Sec. VI we consider operators
that violate baryon number by two units (AB = 2) and
estimate the n — 71 oscillation rate. We offer our conclusions
in Sec. VII. In Appendix A we provide a compilation of some
basic spinor algebra details that we find useful, and we show
there that the SS interaction (X'U)(DD) with two same
flavor D fields is forbidden. We give details on the
diagonalization of the X sector in Appendix B.

II. THE EFFECTIVE THEORY

We add to the SM a new Dirac fermion y (i.e. a vectorlike
fermion) that is electromagnetic (EM) charge neutral
(Q = 0) and couple it to an up-type color-triplet quarklike
fermion U with EM charge Q(U) = +2/3, and to color-
triplet down-type quarklike fermions D with EM charge
Q(D) = —1/3. For the y, in addition to the Dirac mass, we
introduce Majorana masses also, which splits the Dirac
fermion into two Majorana fermions X, with n = 1, 2. In
this section, we write a general effective Lagrangian with
these fields, without specifying at this stage which UV
completion generates this interaction, and discuss some UV
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completion examples in Sec. III. There we also identify
other related effective operators. We assume that the usual
SM Lagrangian density is present and will not explicitly
write it down here, but will only show the BSM additions.

We write a general effective interaction including scalar,
pseudoscalar, vector, and pseudovector Lorentz structures
in the couplings as

1 [— g i
Lin = A2 _DZFLor <7L P, + TRPR)DQ]
X I Lor(91PL + grPr)UJe® + H.c.,

1 _70 f Ev2 abc
=5 D5 (5 ) Pa TV S + Hee. (1)

where the Lorentz structure I'[,, @ I, is 1 ® 1 for the
scalar-scalar (SS) interaction, and is y* ® y,, for the vector-
vector (VV) interaction, A is the scale of even heavier new
physics that has been integrated out. To allow for the
possibility of C and CP violation in our theory, we take the
gL and g, g to be complex. The charge conjugated four-
component spinor ¢ (as defined in Appendix A) has all
charges reversed with respect to y. As already mentioned,
the superscript ¢ on a four-spinor stands for the charge
conjugate spinor, while the subscript ¢ is a color index that
is contracted with the e tensor. We form a color-singlet
antisymmetric combination of the SU(3) fundamental color
indices {a, b, c}. D° transforms as D under Lorentz and
internal symmetries, and therefore £;,, involves two iden-
tical D fermion fields." With this effective interaction
added, the U(1), baryon number symmetry continues to
be a good symmetry at the classical level as in the SM, and
we can assign baryon number charges B(y) = +1 and
B(U) = B(D) = +1/3 as for SM quarks.

Explicitly writing out the Hermitian conjugate terms, and
writing the Lagrangian equivalently using conjugate fields,
we write two equivalent forms of Eq. (1) that are useful to
us, namely

1

L.
int — ) A2

{ D57 D lerv. + [ Dl D5 [0 pee,
(2)

_ {[Dch }[Uﬁf% [D FDC} MFCUC]} abe

3)

where T'= y°T'y?, ' =yT")0, I = CT*C (where C =
—iy? is the charge-conjugation matrix, see Appendix A),

'One could consider an effective operator with two different
EM charge —1/3 fields, say D; and D,, but for the sake of
minimality we mostly work with this operator with the identical
D fields in our work.

from which follows T“ = Cy’TTy’C. In Appendix A, we
show that the DS T D,e? part of L, that involves two
identical Grassmannian D fields, for the (Majorana-like) SS
interaction is antisymmetric in spin, and imposing the
antisymmetry in color also, forces the SS interaction to
zero. This then means that we cannot write down the SS
interaction.

This leaves only the VV interaction as a possibility for
the interaction with two identical D fields, and, writing it
out explicitly, we have

1 _ _
Lyl = A2 [Dsr* (g1 P + GrPr)D,)

< [77,(90PL + grPR)U Je* + He.  (4)

As shown in Eq. (A6) in Appendix A, the first part of this
interaction with two identical D fermions and with color
antisymmetry has a constraint, namely, (D, CT*CD§)e® =
—(Dy°T7y°D§ )e . Applying this to the form in the VV
interaction, namely, I" = y# (3, P, + GgPg), we obtain the
constraint §; = g = g. Taking this into account, we write the
V'V interaction as

LY, bz abc
Ly =533 D5 aD[7r, (9P + grPr)UcJe™ + Hec.
(5)

We thus identify [ = y*gand T" = y,,(g, P, + ggPg) for the
V'V interaction. Itis this V'V interaction that we consider in the
remainder of our work. We note in passing that the Lorentz
structure Dy*D in the interaction connects different chir-
alities, i.e., is of the form D (...) Dy, written symbolically.

By a Fierz rearrangement, as explained in Appendix A 1,
we can equivalently write the VV interaction as a sum over
SS operators and other related VV operators (cf. Sec. III).
The equivalent Fierz rearranged form we find is

CKY = 2A2 {[ WY oL Pr c] WY#QPLDA
+ D5y grPrU ] 77, 9P R D]
-2[Dj, 59 PLUJ[ G PrD,]
—2[DygrPRU )7 §PLD,]}e* + He.  (6)

We see that in addition to the usual SS operators considered
in the literature, new related VV operators (cf. Sec. III) are
also present.

To our Lagrangian, we add effective mass terms

‘cDiraC mass — _MDED - MUUU M )()(’ (7)

1 )
Lvaj mass = —Eﬂfc (M P, + MgPg)y +Hc., (8)
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where the first line contains Dirac mass terms, while the
second line are Majorana mass terms for y, with the charge-
conjugate field as defined already (see Appendix A). The
details of the origin of these masses are not important for
our purposes here. It is of crucial importance to note that the
effective Majorana mass terms M r.r» Which could be
complex, are the only sources of breaking of baryon
number in our effective theory. In other words, in the limit
of zero M g, baryon number is a good classical symmetry
of the effective theory (including the SM), with the charges
as given earlier. With M L. being nonzero, the Dirac
fermion y splits up into two Majorana fermions X, with
an indefinite baryon number. Thus, we anticipate that any
baryon number violating process must involve the X, fields
and be proportional to the Majorana masses M g.

We remove unphysical phases by field redefinitions and
work in the basis where the physical phases are contained
in g, =g, e, gp = IR, er, My = MR e~k with 9rLy»
IRy M g, all real, and all phases ¢ also real. Furthermore,
since Jr = g, = g for the V'V interaction, as shown earlier,
g has to be real, i.e., ¢g is not physical for the VV
interaction. Thus, the phases in g; and Mg, namely ¢, and
55% respectively, remain as the only two physical phases for
the V'V interaction, and the other parameters, namely, gz, 7,
ML, Mp, My, M, are all real.

In terms of four-component spinors, the y mass terms can
be assembled into

. MyP, + M; Py
‘Cmass =-5

|
2 X\ G, P, + B Py M,

(2

but recall that M, is real while My can be complex. This
off-diagonal mass matrix should be diagonalized to go to
the mass basis. This diagonalization is achieved by a 2 x 2
unitary rotation matrix U as explained in Appendix B. As
shown there in Eq. (B6), we write the Dirac y in terms of
two mass basis Majorana states X, = {X|, X} as

X = (ulnPL +u§nPR)Xn’ (10)

with mass eigenvalues M, = {M, M,}. The phases in U
are all proportional to the one physical Majorana mass

phase ¢'s.
We substitute Eq. (10) into Eq. (5), and obtain the VV
interaction in the y mass basis as

o eabc -
[:mt - 2A2 { ;7 VDa

+ DGy D5 |[0.G, 2.1}, (11)

|®.ay,0.]

where we have G, =v,(9:U},PL + grl,Pr), (_}"’,ﬂ =

vu(giU1, P + grlh3, PR), G = Gy = y*g, and for future
use we define g; = g, U7, and g = gRZ/{Z,,.2

Under charge conjugation, the three fermionic fields y =
{X,D,U} transform as y — Cy* =y, which implies
w = Cy°*. Substituting this in Eq. (11), using the relations
shown below Eq. (3), we find an equivalent form written in
terms of the charge-conjugated fields that is useful to us,
namely,

EVV €abc
nt 2 A2

+ | D&Y |1%,G1, Ul . (12)

([orem, | wecs, )

where we have defined I'* = G}, = CG}.C = =G}, and
G'(,; = CG’&;C = -G}, w1th GAM =Gyl (p, oy
and Gf\ﬂ = GV”|(P1 py) (€., Gy 1s the corresponding Gy
with P; and Py interchanged). We also have =G, =
CGY C = —Gly and [ = G} = Gy C = -G
Under a parity transformation that takes x = (#,x) —
(1, —x) = X, the fermionic fields w = {X, D, U} transform
as y(x) = n,7°w (%) = @ (x) (see Appendix A), and taking
n, =i for all three fields, we have w(x) = —iy%(%).
Substituting this in the charge-conjugated form in
Eq. (12) we obtain £ in terms of the charge and parity
transformed fields (%) as

etbe = .~ 15 =
W =5 {|DeorDs) %G1, U]
+ | D.GyDy| | Oay, |} (13)

Comparing Eqgs. (12) and (11) we find that we have C
invariance if and only if (_}"’,y = GXW Le., for g; = gg,
Comparing Egs. (13) and (11), we find that we have CP
invariance if and only if G, = GV”, Le., forg; =g, and
Gr, = Jr,- From this, we reach the following important
conclusion: Since the Sakharov conditions for the gener-
ation of the baryon asymmetry requires that both C and CP
invariances should be violated, the couplings should be
such that both these relations are violated, i.e., we must
have (3}, # or,) and (3}, # G, or Gk, # Gr,):

Feynman rules: From the Lagrangian for the VV
interaction in Eq. (11) and its equivalent form in
Eq. (12) we extract the Feynman rules as shown in
Fig. 1. We write the couplings as (...) ® (...), where
the first factor shows the coupling for the D¢ — D fermion
line, and the second factor for the &', — U line. On the
fields, the superscript ¢ denotes the charge conjugate, and

*The connection to Eq. (2)is givenby I = I= g, I =Gy,
=Gy
ue
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DN D shetG o0y,
Ue V Xn
c i _abeIp n
Da Db c - WE GV ® GA#
Xn Ue

FIG. 1.

D¢ Labczﬂ ~n

b D, € Gy @Gy,
Xn V Ue

D¢ i abe Stk n
. b Da 2/\26 GV®GA“
U(z Xn

<

The Feynman rules for the VV interaction, with the first factor showing the coupling for the D¢ — D fermion line, and the

second factor for the X', — U fermion line. On the fields, the superscript ¢ denotes the charge conjugate, and the subscript {a, b, ¢}
denotes the color index. The direction of the arrow denotes the flow of fermion number (also baryon number).

the subscript {a, b, c} denotes the color index, with the
color indices contracted using the €’ as shown. The
direction of the arrow denotes the flow of fermion number
(also baryon number), and although the Majorana fermions
X, have an indefinite baryon number owing to their
Majorana mass, we put an arrow on the X, leg showing
the direction in the limit of zero Majorana mass.

Having the equivalent forms in Eqgs. (11)—(13) gives us
the advantage of cleanly comparing the process and the
charge-conjugated process (or parity-transformed process)
with the u, v spinors unchanged between them. In par-
ticular, in computing the decay rate (or scattering rate)
difference between the process and (baryon) charge con-
jugated process to find the baryon asymmetry, if we use
Eq. (11) to compute the decay rate for the process involving
particular u, v spinors, the decay rate into the opposite
baryon charge using Eq. (12) will have the same spinors in
the same places, with only the interaction vertex different.
If we compute the process with any of the Q = {U, D} in
the final state as (Q|(...) = (0|ay(...) with £ of Eq. (11),
we compute the corresponding conjugate process with Q in
the final state by picking in the final state (Q|(...) =
(0lbg(...) with the £ of Eq. (12) having the conjugate
fields. When dealing with conjugate fields (e.g., U¢, D¢) in
Feynman diagrams, we note that as far as the spinors are
concerned, the arrow (that shows fermion number) is to be
read in the opposite sense for picking the spinors for those
fermion lines, i.e., in picking the u, v spinors for initial/final
state, and for the sign of the mass term in the numerator of
their propagators.

III. UV COMPLETIONS AND THE OTHER
EFFECTIVE OPERATORS

The nonrenormalizable effective interaction of Eq. (1)
can be obtained as the lower energy limit of a renormaliz-
able (UV complete) theory. Here we consider how this may
arise by taking a few example UV completions. The
discussions in this section serve to illustrate in some
example UV completions how the effective theory we laid
down might arise, but one should keep in mind that our
mechanism of baryon number generation is quite general
and not wedded to much of the details in these examples.

Our mechanism of baryon number asymmetry generation
assumes that, in addition to the y Dirac mass Mx that
conserves baryon number, there is also present Majorana
masses M, g that break the baryon number that is respon-
sible for generating a baryon asymmetry. We leave open the
exact origin of this Majorana mass but provide below a
simple example for the origin of the Majorana masses. In
addition to demonstrating how the effective operator in
Eq. (1) arises in example UV completions, we also discuss
below how in these UV completions the new physics sector
talks to the SM, which would be relevant for the transfer of
the generated baryon asymmetry to the SM.

We assign y to have baryon number charge of B(y) =
+1 such that the baryon number is a good symmetry of our
theory in the limit of vanishing y Majorana mass. In
addition to the y, D, and U propagating states we have
in Sec. II, consider, for instance, the addition of an even
heavier complex vector field & in the 3 of SU(3),. and
having a mass M. We assign baryon number B(&) = 2/3,
with the U, D in the fundamental representation of
SU(3),.” Next, we discuss in turn two examples UV
completions.

UV completion A: Here, we take D and U to be
vectorlike quarks, SU(2), singlets, with hypercharge
Y(D)=-1/3,Y(U) =2/3, and y to be uncharged under
the SM gauge symmetries. We take £ to be a singlet of
SU(2), with U(1), hypercharge —2/3 (which implies EM
charge —2/3), and denote the state as & with vector-index
u and (anti)color-index c¢ (the superscript ¢ on this bosonic
field should not be confused with the charge-conjugation
superscript ¢ on fermionic fields elsewhere). We show in
Table I these quantum number assignments, and, consistent
with this, we can write down the interactions

30ur mechanism of generating the baryon asymmetry goes
through for more general EM charge and baryon number assign-
ments, and will have the same aspects as long as we have
20(D) + Q(U) =0 and 2B(D) 4+ B(U) = +1. We take the D
and U to be in the fundamental of SU(3),, and we antisymme-
trize the interaction in the color index to make them color
singlets. If some other quantum number antisymmetrizes the
interaction, then our analysis would apply and a baryon number
asymmetry can be generated in the same way.
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TABLE I. Quantum number assignments in UV completion A.
SUB)c SUQ2), Uy U(l)g

X 1 1 0 1

¢ 3 1 -2/3 2/3

U 3 1 2/3 1/3

D 3 1 -1/3 1/3

A ' pere ~ .
Ly > =5 e DG Dy’ =71 (9Py + 9rPr) Uk
+H.c. (14)

We take the BSM scale, i.e., the U, D, y mass scales, to be
TeV scale or higher, leaving the SM structure intact with
the BSM sector decoupling as the BSM scale is raised.
Furthermore, we include a mass mixing between the BSM
D, U with the SM quarks, SU(2), singlets uf%, d%, or
doublets g%, where i is the generation index, i.e., d' =
(d,s,b) and u’ = (u, c, t). Our phenomenological analysis
primarily focuses on this scenario. Before we delve into this
further, we briefly comment on the consistency of not
including operators like those in Eq. (14) but with SM
chiral quarks ¢;, ugp, dg, instead of the vectorlike
Q0 ={U,D}.

For an SU(2) singlet &, the analog of the first term cannot
be written down with SM chiral fields since it would
involve both (d;, dg) and SU(2), invariance would forbid
it. However, the analog of the second term of the form
(Jug&) can be. Even in this case, the effective operator
generated upon integrating out £ would still be suppressed
by the A = M scale, and the baryon asymmetry would still
be generated at the M, scale. (We note that our baryon
asymmetry generation mechanism must involve the first
operator also, since the effective operator gotten via only
the second operator is self-conjugate and will not contain a
CP-violating phase.) The presence of the (yug&) operator
may in fact present an opportunity to probe this in
experiments (such as the n — 71 oscillations discussed in
Sec. VI) since it now involves the SM up. The flip side of
this is that constraints on the theory would be tighter. To be
safe from constraints, we could forbid the (yuz&) operator
but allow the (yU¢) operator by invoking a Z; symmetry
under which the BSM fields transform but the SM fields are
singlets. Under the Z5 let Q — ¢/>"/3)%Q y — ¢/C7/3)ay,
& — ¢/7/3)% ¢ where the q; are integer charges. Z; invari-
ance of £<UA& follows if a; =2ay and a, = 3ay. One
possible choice is @y = 1, which yields Q — ¢'?7/3)Q,

¥ = . & — 273 Clearly, this allows £\ but forbids
the (yuré) operator as we intend. For this assignment,
interestingly, the y is a Z3 singlet, and the Majorana mass
generation mechanism (discussed below) is unaffected by
this consideration. Our identification of the Z; symmetry

implies that leaving out the corresponding operators with
the SM quarks is consistent in the sense of Ref. [35], i.e.,
radiatively stable.

For physics below the M scale, we can use an effective
theory obtained by integrating out the £ field, which leads
to new dimension-six effective operators. Doing so, we
generate the effective operator of Eq. (5) with A = M,
which in the mass basis is Eq. (11). In addition, we also
generate the effective operators

| R -
F [UcGr‘l/ﬂXn] [XmG’{/w Uc]

1
2A?

LD -

(56— 5'5) D53 D, Doy, Dy .
(1)

which are self-conjugate. Such operators have been con-
sidered in the literature, albeit with the scalar-scalar Lorentz
structure, while our operators above are of the vector-vector
type. Writing the first term in Eq. (15) in terms of the
conjugate fields, we can write an equivalent form
L2 —(1/A)[U:GY X, ][ X, G US]. From  these, we
can extract the Feynman rules of these new operators as
shown in Fig. 2. Although one could take the effective
couplings of the operators in Egs. (11) and (15) as
unrelated, the effects generated by doing so could be
misleading as a particular UV completion could indeed
relate them in a definite way as we see here.

Other operators that could be generated in a different UV
completion, for instance by integrating out a different
heavier state of EM charge 1/3, are [DTU.|[yI'D],
[DTU,|[UTD¢], and [DTy][yI'D], where we show the
Lorentz structure symbolically as I". Some of these will be
contained in a Fierz rearrangement of the earlier operators.
Since the origin of these operators are different, it would
not be unreasonable to consider these operators as uncor-
related with the earlier couplings and to keep the analysis
manageable, we omit these and only consider the operators
in Egs. (11) and (15) in our study. Furthermore, for reasons
that we explain in a follow-up work [33], we find that, for
our choices of masses, the baryon asymmetry due to
including the operators in Eq. (15) is subdominant and
we therefore mainly focus on the operator in Eq. (11) in
our work.

Next, we discuss one way in which the new physics
sector could couple to the SM. The D and/or the U BSM
fields, having SM-like EM charges, could have mass
mixing terms with any of the SM quark flavors of the
same EM charge. The D and U can interact with the SM via
the interaction terms

‘CYuk D) —ydDHTqL + S)MUH gy + H.C., (16)

where g; is the SM SU(2), doublet quark of any gen-
eration (we suppress generation index), H is the SM Higgs
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Xn Ue
Ue Xm

>

el m
_FGV ® GVp,

Cc
14

. Xn U(?
U(( Xm

<

S m _
B ﬁGA,UJ ® le,u

ﬁ(é‘aa’ébb’ - 5ab’5ba’)él‘t/ ® éVu

FIG. 2. The Feynman rules of the other operators associated with the VV interaction, with each factor associated with the
corresponding fermion line. On the fields, the superscript ¢ denotes the charge conjugate, and the subscript {a, b, c} denotes the color
index. The direction of the arrow denotes the flow of fermion number (also baryon number).

doublet, and H - g; represents the antisymmetric combi-
nation of the SU(2), indices.* After electroweak symmetry
breaking this interaction induces mass mixing terms Dyd;
and Ugu, , which are diagonalized to go to the mass basis
with the sine of the mixing angles s;p = sinf,p, s,y =
sin@,; and mass eigenstates d;, and u;, as detailed in
Refs. [36,37]. For notational ease, we continue denoting the
lighter mass eigenstate as d, u and the heavier mass
eigenstate as D, U. This is abuse of notation, but in the
limit of small mixing, and to leading order in the mixing,
this is appropriate as we have u; ~u and u, ~ U, and
similarly for the d, D. We note that the ¥, ; breaks the Z;
symmetry identified above. In the limit y, ; — O, this Z;
becomes exact, and therefore taking ¥, ; small is radiatively
stable, i.e., this is technically natural [35]. The bottom-line
is that the mass-mixing terms induces the decays D —
(dh,dZ,uW~) and U — (uh,uZ,dW™), where h is the
Higgs boson, and W*, Z are the SM electroweak gauge
bosons. These decays are discussed in detail in
Refs. [36,37] and references therein. These decays being
B conserving, the baryon asymmetry contained in D, U is
transferred fully to the SM d, u in these decays. This
provides a concrete example in which the baryon asym-
metry generated and contained in the D, U sector could be
transferred into the SM quarks.

UV completion B: Here we consider the possibility that
one or both of the D, U fields could be taken to be any of
the d' = (d,s,b) and/or u' = (u,c,t) SM fields, respec-
tively, with 7 being the generation index. As noted below
Eq. (5), the DSy*D part of the effective VV interaction in
Eq. (1) connects different Lorentz chiralities since it is of
the form D¢ gy#(...)Dg . This implies that if the D is
taken to be the SM d quark, then one of these must be a d,
and contained in ¢; for SU(2), invariance, and must
necessarily also involve the u;. We ensure the SU(2),
invariance of the UV completion by taking the &, to be a
doublet. This allows two alternatives, which we refer to as
UV completions B and B,, depending on whether the y is

*Proton stability motivates us to keep lepton number symmetry
unbroken at the classical level, and therefore we do not include
the yL - H operator that breaks lepton number, where the L is an
SU(2) leptonlike doublet, and we assign lepton number O to y.

a singlet or doublet of SU(2),, respectively. We show in
Table II the quantum number assignments for UV com-
pletion B; (top) and B, (bottom). We discuss each one in
turn next.

First, in UV completion By, we take & to be a doublet of
SU(2),, y to be asinglet, include an SU(2); doublet Q and
a singlet D, and write

U etz p
Loy > =3 & 05y (P + GrPr)Da
(17)

where the (-) denotes the antisymmetric combination of the
SU(2), indices. We assign the hypercharges Y(Q) = 1/6,
Y(y) =0, Y(¢) = —1/6, and baryon number B(Q) = 1/3.
We can write the doublet components as Q = (Q,0,)"
with Q, having EM charge +2/3 and Q, having EM
charge —1/3, and & = (§%§_§)T showing the EM charge of
the components as subscripts.

Next, in UV completion B,, we take £ to be a doublet of
SU(2), , x to be a doublet, include a doublet Q, and with the
U, D as before, we write

—77"(9LPr + 9rPr)Q, - & + Hec.,

1 o a—— .
Eﬁff D —§€ab°§;TQZY”(9LPL + grPr)D,

—77"(9.PL + grPr)U £ + Hec. (18)

TABLEIL. Quantum number assignments in UV completion B,
(top) and UV completion B,(bottom).

SU@3)¢ SU2), U(l)y U(1)g
x 1 1 0 1
¢ 3 2 -1/6 2/3
0 3 2 1/6 1/3
D 3 1 -1/3 1/3

SU@3)¢ SU2), U(l)y U(1)g
x 1 2 -1/2 1
¢ 3 2 -1/6 2/3
0 3 2 1/6 1/3
U 3 1 2/3 1/3
D 3 1 -1/3 1/3
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We assign the hypercharges Y(Q) = 1/6, Y(y) = —1/2,
Y(¢) = —1/6, and baryon number B(Q) = 1/3. We can
write the doublet components as Q= (Q,0,)7,
x = (r:x0)", and & = (&&2)", showing the EM charge
of the y, £ components as subscripts. The mechanism of
U(1)g breaking in the UV completion must ensure that
only y receives a Majorana mass in order to not spoil EM
invariance.

We make the specific choices in developing UV com-
pletion B, as it allows us the possibility to take the D, U,
and Q to be the chiral SM quarks, namely, we can identify
D — di, U — ul, and Q — ¢}. This now allows chiral
couplings g, g, unlike in UV completion A which has
vectorlike couplings §. This gives us a realization in which
it may be possible to generate the baryon asymmetry
directly in the SM sector, while in UV completion A,
the baryon asymmetry is generated in the BSM sector and
transferred to the SM by mass mixing, as already discussed.

Integrating out the £ fields in the UV completions B and
B, leads to lower energy effective theories containing the
effective operator in Eq. (11) along with other associated
operators. The details of which other operators are gen-
erated in UV completion B is left for future work. Since the
U, D are embedded in the SM sector, there is no clean
separation of scales between the SM and BSM sectors, and
the phenomenological implications of coupling the y to the
SM sector will have to be worked out more carefully. We do
not do this here, but only present this UV completion
possibility as something that could be developed further. In
the following, in working out the baryon asymmetry
generated, we primarily have in mind UV completion A
and take the U, D to be vectorlike quarks with masses
bigger than a TeV; however, we expect that our mechanism
of baryon asymmetry generation should work even if the U,
D are identified with the SM chiral quarks.

Majorana mass generation: Here, we illustrate with a
simple example how the baryon number violating y
Majorana mass might arise from a baryon number con-
serving theory. For this, we introduce a complex scalar field
®p with Yukawa couplings to the y, and write down a
baryon number conserving Lagrangian density

1 — .
L=-Mjix———7=Ppx(3.PL+IrPr)x +Hc]-V(Pp),

V2
(19)

where M, is the Dirac mass. Recalling the baryon number
assignment B(y) = +1, we assign B(®z) = —2 for invari-
ance under U(1) . If the potential energy density for the ®p
field, V(®p), is such that the minimum of the potential is at
a nonzero value (®p) = vg/ V2 #0, baryon number is
spontaneously broken, resulting in Majorana mass terms
M LR = YLRrVp, the effective Majorana masses written
down in Eq. (8). The spontaneous breaking of a global

symmetry, i.e., U(1); here, implies the presence of a
massless Nambu-Goldstone boson, which is problematic
phenomenologically. A discussion of the mechanism that
gives a mass to the Nambu-Goldstone boson alleviating this
problem is beyond the scope of our work, and this naive
example only serves to illustrate how the baryon number
violating Majorana masses might arise from a U(l)g
conserving theory.

We turn next to discussing our mechanism for generating
the baryon asymmetry at the D, U level, being agnostic to
the details of how the so generated asymmetry is transferred
to the SM sector.

IV. GENERATING THE BARYON ASYMMETRY

In this section, we discuss the mechanism of generation of
a baryon asymmetry in our effective theory we laid out in
Sec. II that couples the X', with the Q = {U, D}. First, we
consider the baryon asymmetry from the decay of the
Majorana X, due to the decay rate difference between
(X, - QQQ) and I'(X, —» 0 Q0 Q), where the former
decay final state has baryon number B = +1, while the latter
has B = —1. Second, we consider the baryon asymmetry
from X, scattering on a Q or Q due to a difference between
the scattering cross section 6(X,0Q — QQ) and 6(X,Q —
0 Q), where the former process has AB = +1 while the
latterhas AB = —1. We discuss each of these in turn, next. In
our discussion, we only consider unpolarized rates, i.e., take
it that the matrix element squared are averaged over initial-
state spins and summed over final-state spins.

A. Baryon asymmetry from decay

The Majorana fermions X, (n = {1,2}) have indefinite
baryon number and can decay either to DDU or to DD U
final states which have B = +1 and -1, respectively.
Equivalently, in our theory, the baryon asymmetry arises
due to a difference in the decay rates I =T'(X, -
DDU) vs T" =T(X, —» DDU¢), where the former
decay has a final state with B = 41 while the latter
B = —1. Since X, is a Majorana particle, i.e., X, = X,
the initial state is the same in both, but decaying to final
states with opposite B.

We denote, for each n, the amplitude for X,, — D°DU as
A" = A + Al + ... with Afj being the tree-level ampli-
tude and A/ the loop-level amplitude, and for the conjugate
process X, — DDU¢ as A = A"+ A" + ... The
decay rate for the process is then given by

1
2M,,/JH3|A

where we integrate over the three-body final-state phase-
space dI13, and for the conjugate process decay, the ['“" is
given similarly in terms of |A"|2. We define the baryon
asymmetry Ap as

=

? (20)
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" —ren
AB = Z.Aﬂ, with A% = W (21)
n=1,2

Not surprisingly, we find that at tree level, i.e., leading
order, in the V'V interaction, the decay rate is the same for
the process and its conjugate process, i.e., I'ly = I'j. So we
must go to loop level, i.e., at least to the next to leading
order level, to possibly have a nonzero Ag. In the
following, to avoid clutter, we suppress the n on these
amplitudes, but it is understood where appropriate.

Now, I o | A|? and I'®  |A°|? from which it is easy to
see that Ap o [(AjA; — A5"AS) +Hee] + ... where we
keep only the terms to lowest order in the V'V coupling that
give a nonzero asymmetry. Thus, the interference term
between tree and loop contributions is the leading con-
tribution to Az, and we have for each n

2AT ATy, 1 / 5
AB (F+F‘) FO where 1 2Mn 3|A0|
1
ALy, :W dll;Re( Ay, —Afn)» (22)

with Ay, = A} A and A5, = ASAS, we include [ dll; for
the integration over the three-body phase space, and
AFOI = FOI — Fgl where FO] = (1/(2Mn)) de3Re(A0])
and I'§; is with Af,. Since there is no asymmetry at tree
level, in the denominator we have taken I'~ I'“ = T, for
obtaining the leading contribution to Ap.

The interaction vertices G, u in Eq. (11) that enter in this
process are complex due to the phases in the elements of U/
(due to aphasein My, i.e., g;ﬁk), and in the coupling g; (phase
being ¢, ). In general terms, we can write the tree and loop
amplitudes for the process as A, = ay, Le'®o1 . and for the
conjugate process as Af, = ag’le""’é-l, where the ¢ are
combinations of phases coming from the couplings. The
interference term for the process is Ay, = A, Ajy = ag e,
where ag; = aga; and ¢y, = ¢ — ¢, and similarly for the
conjugate process we have A§, = ASAS* = a§ e with
ag; = aga{ and ¢, = ¢{ — ¢G. Assuming for now that no
intermediate particles go on shell, the only phases are those
in the couplings. From the way the couplings enter the
amplitudes, we find that the conjugate process amplitudes

6> Af (and Af,) have the same corresponding magnitudes
but opposite phases as the corresponding process, i.e.,
ag, = ag; and ¢g, = —¢y,, and the interference term
for the conjugate process evaluates to age'%1. The ¢,
¢ (and ¢g;), that flip sign in going from the process to
the conjugate process, are commonly referred to as
“weak-phases.” Equation (22) then tells us that
Ag « 2ayRe((e? — e~or) = 0; in other words we find
no asymmetry generated here.

However, if intermediate states can go on shell and the
loop diagram can be cut, a discontinuity arises in the

amplitude, and a piece iA; = (1/2)Disc(.A;) is added to
the amplitude [38]. The :41 itself may be complex due to
phases in the couplings. The above factor of i, i.e., an extra
phase of z/2, comes with the same sign for the process and
the conjugate process, and is like the “strong phase”
(usually denoted as 5.} Correspondingly, the discontinuity
adds to the interference term Ay, the piece i./zlm = i.ZlIAE‘),
and we write its contribution to the decay rate as ifol.
Similarly, for the conjugate process, the discontinuity adds
in the interference term the piece i[5,

In general terms, in the loop amplitude A;, we can write
the piece added due to the cut as i4; = a,e/®+7/2) and for
the conjugate process as iA{ = a$e'?i*7/2)_ Thus, for the
process, the piece added due to the cut to the interference
term A, is iAy; = aga e t7/?) and for the conjugate
process it is iAS = aga$e’ /2 If there is no asym-
metry at tree level, we have a; = a, in which case, from
Eq. (22), we obtain

ATS
A}~ — Fgm ,  where
R 1 A
Al =537 [ ditim( = %)
1 . .
= M / dllzag(ay sin by — afsingf,), (23)
and, in addition to ay = ag, if we also have ¢ = —¢,,
a; = af, and, ¢{ = —¢,, we obtain
. 1 N
Al = oM dI132Im(A)
1 .
= 2Mn/dl_[3(2a0al Sln¢01), (24)

with Al =T, — fﬁl, where
fdl'I3Im(.2101) and [, is with A5,

This then is a mechanism by which a nonzero baryon
asymmetry could be generated in this theory. This is an
instance of well known aspects (see for example
Refs. [39,40]) of how an asymmetry arises from the
interference of two complex amplitudes (A, and A,), with
a nonzero weak phase difference (¢y; from couplings) and
a nonzero strong phase (6 = z/2 from the cuts).

In Fig. 3 we show this situation diagrammatically,
highlighting how the baryon asymmetry arises. This

To = (1/(2M,,))

°In fact, given that the final state is colored leading to hadrons
in the final state, their rescattering via (QCD) strong interactions
could also lead to a phase that is the same for the process and its
conjugate process. We do not include such a strong phase & here,
but if we do, then all our expressions would include an extra
factor of sind. Our expressions are written down for the special
case of 6 = /2.
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The baryon asymmetry Ay from the decay of the Majorana states X, is shown as a difference between the rate for the

X, = D°DU and the conjugate process X,, — DD U¢. The arrows on the fermion lines show the direction of fermion (baryon) number
flow. The dashed curve shows a cut in the loop, contributing a factor of i. The a, b, ¢ shown next to the momenta are the color indices,

and the superscript ¢ on a field denotes its charge conjugate field.

corresponds to the equation Ay o (I —T¢) o | Ag + iA,; >~
|.A5 + i.)lf |2, for each n, where the i is due to the cut of the
loop diagram shown as the dashed curve in the figure and is
the same for the process and conjugate process, and acts as
a strong phase. The fil itself is complex due to phases in
the couplings and we have Im(AS) = —Im(A,); i.e., these
phases act as weak phases.

1. Numerical estimate of Ag

Using Eq. (20), we make an estimate of the tree-level
decay width as

M3 (4n)?
[y~ |9|2 [FW 00>

where g represents the Gy effective coupling of Eq. (11),
we take § = 1 here, and we introduce the M, for I" to come
out with the right dimensions. The [...] contains three-body
phase-space factors, namely, (1/(27)>) as usual, a dimen-
sionless ]A”OO from momentum integration (including Dirac
traces), and (4)? from angular integrals. For (Gy) ~ O(1),
we thus obtain the estimate [y/M, ~ 1073(M,,/A)%f .

We estimate next using Eq. (24) the interference term
contribution to the decay width as

(4n)* (M], (4m) M (4n)) 5
(2z)? {F (27)? A8 (27)° }fm, (26)

(25)

Afm ~ Im(g“)

where we have shown two possibilities for the cut loop
contribution i}ll as {one-loop, two-loop} factors, respec-
tively, introducing now the dimensionless fm as arising
from momentum integrals over phase-space and loop-
momenta (and includes Dirac traces). The {M}, M}
factors is again to obtain the correct dimensions.

Using the estimates in Egs. (25) and (26), from Eq. (23),
we estimate the resulting baryon asymmetry as

ABN

Im(g*) {Mﬁl M1 }m @)

o A7 N2 Ty

For a generic coupling size of about (Im(Gy)) ~ 0.1, we
thus estimate a baryon asymmetry from X', decay to be of

size Ag ~ {107*M2 /A2, 1075M%/A*} fo1/ foo. We expect
the phase space and loop momentum integrals
Foo- for ~ O(1), but they could be suppressed, for example,
as (My +2Mp) — M, closes the phase space, or due to
cancellations in angular integrations. We take up a detailed
numerical analysis in Ref. [33] to determine the J?oo, j‘m,
and compute Az more accurately.

B. Baryon asymmetry from scattering

Here we discuss the baryon asymmetry in 2 — 2
scattering processes of the X, with Q = {U,D} with
cross section ¢”", and compare it with the scattering of
the X, with U¢, D¢ with cross section ¢". In particular, we
consider the scattering processes

SC-1: Xn(l?n)@(kz) - D(QI)I_J(QZ)’ and

SC-2: Xn(pn)U<kl) - D(ql)DC(QZ)’
for n={1,2}. SC-1 includes both X,(p,)D‘(k;) —
D(q1)U(qz) and X,(p,)D(k;) = D(q1)U(q>). If the
scattering cross sections for process and conjugate-process

are different, i.e., if 0 # ¢ for SC-1 and SC-2, then we will

have a nonzero baryon asymmetry from scattering, Ag;).

The scattering amplitude .A®) for each process SC-1 and
SC-2 is obtained in close analogy with the decay amplitude
of Sec. IV A. This too can be written as a sum over the tree
and loop amplitudes, i.e., for the process we write the

amplitude as A = Aé(;) + Aﬁ") + ..., and for the con-

jugate process as A(%) = Ag("> + Afw + .... The scatter-
ing cross section for each n is

[lamjiacp.

where we now integrate over the two-body final-state phase
space, and v is the relative velocity between the incoming
particles. The conjugate process cross section ¢¢ is given in
terms of |LA°()|2. The tree-level scattering cross section o,

1 1
c=-
v2E,2F;

(28)

is given by taking A((f) in Eq. (28). Since there is no
asymmetry at tree level, we have oy = of. Again, like in

decay, the scattering baryon asymmetry Ag’) arises (o
lowest order first in the interference term between the tree
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and loop amplitudes, and the cut in .A(10> adding the piece
for the process iﬁ\ﬁ") =(1/ 2)Disc(A§G>), and for the
conjugate process i.,zﬁ(”) =(1/ 2)Disc(.Ai(a>). The cut adds
to the interference term the piece iAY) = iA!” AL and

for the conjugate process similarly adds iﬂg§“>.

Correspondingly, this adds to the process cross section
i&((ﬁ), and to the conjugate process it adds i&g(f). Analogous
to Egs. (23) and (24), we now define a cross section

asymmetry

o' —o" AGG,
n cn R n

c'+o 0y

(29)

AP =34 with AR

n=12

where for leading order accuracy of the asymmetry, we take
¢" =~ 6" = o} in the denominator, since there is no asym-
metry at tree level, and we now have, for each n,

A A Ac 1 1 (o “clo
A6y = 6¢) — 64 = ;m/[dnz]lm(-"‘él) - Aog ))

= 2Im(5y, ). (30)

This is a way in which a baryon asymmetry might develop
due to scattering in our theory, for which is needed a
nonzero Im(6y;). Diagrammatically, the situation is as
shown in Fig. 3, but now with one of the Q legs crossed
from the final state to the initial state as appropriate for
SC-1 and SC-2.

1. Numerical estimate of .Ag;)

To estimate AE? we follow a similar analysis as in
Sec. IVA 1, but now, for scattering, take the two-body final
state. In fact, since the scattering matrix element can be got
from crossing the corresponding decay amplitude as
explained above, the translation is exact. An estimate of
the tree-level scattering cross section that follows from

taking A\ in Eq. (28) is

1 1

M* 4x .
2| Mn (o)
~o— , 31
oy U2En2Ei|g||: foo] (31)

A* (2

where g represents the Gy, effective coupling of Eq. (11),
we introduce the M factor for 6, to come out with the right
dimensions. The [...] factor includes the two-body phase-
space factors, namely, (1/(2x)?) as usual, a dimensionless

]A‘((;(;)) with Dirac traces (unlike for the three-body phase
space in the decay case, there is no momentum integration
for two-body phase space), and 4z from angular integra-
tion. For g~ O(1), E,,E;~M,, we obtain the esti-
mate aov ~ 0.1(M2/AY)F).

We estimate next from Eq. (30) the interference term
contribution to the cross section as

R 1 1 A (MS 4n
A6 Im(g*) (27[)2{

M (472
ot - n (47m)) (o)
1)2E,12Ei

AS (27)27 A¥ (2m)3 7O
(32)

where we have shown two possibilities for the cut loop

contribution iﬂl(l”) as {one-loop, two-loop} factors, respec-
tively, and the {M$, M8} is again to obtain the correct
dimensions for Ady;.

Using Egs. (31) and (32) in Eq. (29), we estimate the
resulting baryon asymmetry as

o) i) {gz LML }fé‘?_ )
g7 A7 A% 23 3o

For a generic coupling size of about Im(g)~ 0.1,
and E, E;~M,, we estimate a baryon asymmetry
from X, scattering to be of size Aﬁg’) ~{107*M?2 /A2,
1075M% /A4}f((){i) /]A‘E)f)) Comparing with Eq. (27), we find
that the baryon asymmetry from scattering and decay are of
similar size. We take up a detailed numerical analysis in
Ref. [33] to determine the ¢, 7%, and compute AYf
more accurately.

In Ref. [33] we compute the decay rate and scattering
cross section after identifying tree and loop Feynman
diagrams and show that C and CP invariances are violated
in these processes, as required to satisfy the Sakharov
conditions, and compute the baryon asymmetry .45 and

A](_;) that are generated. Next, we place this mechanism of
baryon asymmetry generation in a thermal context appro-
priate for the early Universe and ask if the observed BAU
can be generated via X decays and scattering.

V. THE BAU
The BAU today can be expressed as the ratio

Q,h?

)/ = 6 10T

np = (ng (34)
with np (np) as the number density of baryons (antibary-
ons) and n, as the number density of photons today.
Experimental observations on BBN and CMB [41] tell
us that 575~ 6 x 107'°, In this section, we briefly inves-
tigate whether the X', decay and scattering baryon asym-
metry we identified in Sec. IV could match the observed
BAU, and if so, for what values of parameters of our
effective theory.

In the radiation dominated epoch in the early Universe,
the Q = {U, D}, being EM charged, are kept in thermal
equilibrium very efficiently by QED processes so that ny =
n(Qeq> and pp = —pg, where up (up) is the chemical

potential for Q (Q), and we write nQ:n(QO)e”Q/T,
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ng = n(QO)e‘”Q/ T The X, however, being EM neutral and

coupled via the VV interaction, could behave quite differ-
ently. A nonzero baryon asymmetry could develop if
processes involving the & are not fully in thermal equi-
librium owing to A" decay and scattering rates I',,, F;(;ﬂ <H,
where H is the Hubble expansion rate, satisfying the
Sakharov condition requiring a departure from thermal
equilibrium. Whether this situation ensues depends on the
mass scale M, and the couplings g, g g

We analyze this situation by considering the Boltzmann
equations (see for example Ref. [4]) that govern the X, Q,
O number densities, n,, ng, ny, respectively. The details of
setting up these equations for our situation will be pre-
sented in Ref. [34], and we present here the final result,
which is

d o
T 3Hny = =Ty + T (e = n§). - (35)

d _
7" +3Hng =3Iny — 363”Q/Tn£§q)r — (0@ =215

+ (e7e/TT() — Zeug/rﬁa))n(;q) +een,
(36)

n¥ is the equilibrium number density, the total decay rate
[y =T+T is a sum over the decay rates I' = ['(X —
Q0Q) and T'=T°=T(X - QQQ0), their inverse-
decay channels are QQQ —-X and QQQ0 — X
respectively, and all the widths are the thermally averaged
widths (T"). The scattering channel cross sections we have
used are oc=o0yp=0(X0 - 00), 6=0"=0yy=
o(XQ — Q Q), their inverse scattering channel cross sec-
tions are oyp =0(QQ — X0), 655 =0(00 — X0),
respectively, and FE{,T) =T 4+T© is a sum over the
scattering rates T = (6y5v)ng and T = (oxov)ny,
the (ov) being the thermally averaged cross section.
We obtain the Boltzmann equation for ng by inter-
changing " <> T, T(®) < T?), and py <> —py, in Eq. (36).
The assumption of CPT invariance implies the following
relations among the decay and inverse-decay matrix
elements  (mod-squared summed  over  spins),
IM(X > Q00Q)) =|M(Q00 - X)P, and [M(X —
Q00)> =|M(QQQ — X)|?, and between the inverse
and forward scattering channel matrix elements |M |2Q 0=
M3, and [M[3o = [M]3,. The baryon asymmetry gen-
eration mechanism discussed in Sec. IV leads to ny # ngp,
resulting in the BAU. The Boltzmann equation for the net
baryon number density np = (ng —ng)/3 can now be
obtained by taking the difference of the equations for n,
and np. One must correctly match the contributions of an
on-shell X intermediate state in other scattering channels,

shown as ... in Eq. (36), with the X" decay contribution. In
the small /T limit, Ref. [42] shows that such contribu-

tions overturns the sign of the ABng?q) piece. Based on this,
we write the Boltzmann equation below with the sign
overturned, and expect that such a mechanism also over-

turns the sign of the félg;)ng?q) scattering term. More details

on these aspects will be presented in Ref. [34]. Including
these contributions, we write the Boltzmann equation as

d 3
—ng+3Hng =Ty {AB(nX—n(;q)) —nﬁi‘” sinh (%)}

dt
+ FES) [lel(;) (ny— n(;q)) - ngiq) sinh <’u—]?> } ,
(37)

where we use the definition of Az in Eq. (21), we have

defined the thermally averaged A\ = (@) —T(@)) /(2r{))
analogous to Eq. (29), we have sinh(uy/T) =

(3/2)n3/n(Q0), and we have computed to first order in

Y, Ag, Af;’) < 1. In Eq. (37), we see that inverse decay
and scattering channels lead to a partial washout of the
baryon number.

Changing the independent variable from cosmological
time ¢ to the temperature 7 and writing in terms of
x = M/T, we obtain the equivalent Boltzmann equation
for Y = n/s in terms of dimensionless variables as

d A Ao
EYX = —(Tegr + Féff))x(yé\,’ - Y(;q))’

d A ) 3u
E YB = xrcff |:AB(YX — Y(;q)) — Y(eq) sinh (TQ)]

T x40 [zgﬁ(y,( —YS9) (o9 i (ﬂ_gﬂ ,
(38)

where [ = C(Mp]/Mx)f‘ with ' = (Tx/M,), fgf}) =

C/(MPI/MX)M§<60U>YQ/X3, with C ~ 1/10, C/ ~ O(l),
. 0
and sinh(uy/T) = (3/2)YB/Y(Q).
The out-of-equilibrium Sakharov condition in our case
could be satisfied if ¥, deviates from Y*¥ resulting in the
BAU. Equation (38) indicates that this could happen

if feff,f"gf) < 1. From our estimate in Sec. IV that
['~105(M,/A)* and Ay ~107°(M,/A)* (two-loop
contribution), this indicates a mass-scale sz
101(M,/A)* GeV. For instance, for M/A ~1/10, the
preferred scale is about 10° GeV. These considerations
only give an indication of the preferred mass scale in our
theory for which the observed BAU is obtained, and we will
present a more accurate numerical computation of the
Boltzmann equations in Ref. [34] that fully takes into
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account forward and backward reaction rates in the thermal
plasma and possible washout effects, and distinguishes the

{U,D} in Q.

VI. AB=2 TRANSITIONS (n -5 OSCILLATION)

In this section, we discuss AB = 2 transitions that
violate the baryon number by two units, and focus
particularly on the neutron-antineutron n — 7 oscillation
process, which is a AB = 2 process since the neutron n has
baryon number B = +1 and the antineutron 7 has B = —1.
We recall that the neutron n at the quark level is the bound
state n = (udd) and the antineutron 72 = (u°d“d®), which
we write symbolically without paying attention to the
Lorentz structure but rather emphasizing the internal
symmetry quantum numbers, making no distinction
between 71 and n¢ (the conjugate). In our effective theory
of Sec. II, n — 7 oscillation is induced by the exchange of
the Majorana X', due to its indefinite baryon number. Since
in our VVinteraction, two same D fields enter, as discussed
in Ref. [10], the prospects for n — i1 oscillation is better in
comparison with a similar SS operator usually studied in the
literature that is forced to have two different flavor D fields.

n —n oscillation is being searched for in ongoing
experiments, and a recent experimental limit on its life-
time is 7,_; > 4.7 x 108 s at 90% confidence limits (C.L.)
[43]. The lifetime can be equivalently thought of in terms of
a mass difference, namely, Am,_; = 1/7,_;, and the above
experimental limit can be recast as

<1073 GeV.

(Amn—ﬁ)expt — (39)
In this section, we obtain a rough estimate of the constraint
on our effective theory from this limit.

A AB =2 process induced in our effective theory of
Sec. I is shown in Fig. 4 where the N = (DDU) transitions
to the N = (D°D°U¢), again symbolically written without
paying attention to the Lorentz structure of these operators,
and making no distinction between N¢ and N. Integrating
out the X', exchange in Fig. 4 generates a six-Q effective
operator, which we encode in an effective Hamiltonian at a
renormalization scale u < M, as

gZeabcea’h’c’ L o
Heff D C6Q06Q = W Ui,y,,}/ﬂl"gUCDZy”DaDZ,y”Da/
X
+0(m,/M,). (40)

from using the VV interaction couplings of Eq. (11), we
have set I'y = (g% P, + @%n Pg), and we have ignored the
momentum transfer in the X" propagator since this effective
theory is valid for scales p* < M,.

The discussion in Sec. III on the connection between the
U, D and the SM quarks u, d implies the corresponding
connection in the effective theory also between the N

D De

W:l, g .LD
S N

FIG. 4. The operator responsible for violation of B by two units
that can lead to N — N transition.

operator and the neutron n, and similarly between N and
the antineutron 7. In other words, the N — N transition
induces n — 7 oscillation. We encode the Q = U, D mixing
with the SM ¢ = u, d in a parameter s, and include in it
the D <> d, U <> u mixing angles s;p, s,y discussed in
Sec. I, and perhaps Cabibbo-Kobayashi-Maskawa
(CKM)-like suppression scgy if the U and D mixing is
into second or third generation SM quarks. Collecting these
factors we write as an example s2; = 5%, 52,584, While
reiterating that a different UV realization would have its
own structure for the combination of mixing angles.

We match our AB = 2 contribution in Eq. (40) to an
effective theory with SM 64 operators listed in Ref. [44]
(for earlier studies enumerating the operator basis, see
references therein). To find the overlap of our vector/
tensor operator in Eq. (40) with the standard scalar operator
basis given in Ref. [44], we start by denoting our operator
as [y,7,I'g](¥*)((y*)) using the bracket convention [45] to
denote the fields. We compute the Fierz rearrangement
following the method given in Appendix A1 to obtain
an equivalent Fierz rearranged form of our operator as
=207, [P&)(Pr))((PL) =237 [PL](PR))((PL) = 23k, [Pr] x
(PL))((Pr) =241, [PL](PL))((PR)+30%, [Pr)) (Pr]((PL) -
30%, [Pr)(PL)) (PRl 4337 [PL))(PLI((Pg) =30z, [PL) %
(Pg))((Pg]+..., where we omit showing the other vector
and tensor operators that are generated, and we have
included a minus sign whenever an odd number of fermion
fields have been Fierz rearranged. These scalar six-quark
operators have overlap with the Q,, Q,, O3, 03, Q7, 07
operators of Ref. [44]. An exact matching of our operator
with the standard basis including projecting onto the proper
tensors in color space, will be taken up in future work [46].
Here we content ourselves with estimating the bound on the
scale of new physics from the O3, Q5 contributions we have
identified above. We estimate the n — 71 oscillation rate as

=2 n o2
Am. - Y GV GASeii

n—i A4Mn <ﬁ|Qi|n>’ (41)

and include in our estimate the Q; = Q,, O3, O contribu-
tions discussed above.

We use the lattice determination of the matrix
elements (71|Q;|n) = (Q;) presented in Ref. [47], namely,
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(Q2) =144(26), (Qs) = —47(11), (0s) =(=3/2)(Q7) =
—0.23(10), in units of 107 GeV®, at the scale
1 =700 TeV. We can write these matrix elements equiv-
alently as (Q;) = A(GQCD<Q1'> taking Agcp = 180 MeV, and
from the above values, we have (Q,) = 42(8), (Q;) =
—13(4), (Q7) = 0.04(2). In our estimate here, we ignore
the running from the matching scale g = 700 TeV of
Ref. [47] up to the M, scale as it will be a small effect [10].

Applying the experimental bound of Eq. (39) to the
estimate in Eq. (41), we obtain the constraint on the model
parameters given by

Aden(00)

~2 n 2
GGy Gy Ser A*M,

<1073 GeV, (42)

and we use the (Q;) given above. For illustrative purposes,
if we take g, G}, G} ~ O(1), with M,, ~ A, we obtain an

estimate of the bound on the new physics scale A=

(sgf/f5103) TeV from the n—7 oscillation experimental
constraint. If s is O(1), then the bound we obtain on
the scale of new physics is A > 10° TeV, which is well
outside the direct on-shell production reach of current
(LHC) and planned future colliders, and only leaves the
possibility of probing this physics in precision (indirect)
experiments. If such new physics is to be accessible
kinematically for direct production in present day collider
experiments, then we need A ~ TeV for which the bound
is 5. < 1073, i.e., the neutron mixing to new physics (via
the N operator) should be very highly suppressed. We have
already discussed above a natural way this suppression
comes about, for instance, due to suppressed mixing angles

. _ . /3 _
sqQ- Tlaking sg;p ~ s,y =549 We find we need s =
SqQSCKM < 1073 (for A ~ 1 TeV), which is not unreason-
able to expect from a UV completion point of view. As
another example, consider the scale obtained in Sec. V,
namely, M, ~ 10° GeV, M /A ~1/10, for which we find
Am,_;~ (797 g52%:1071%)(1073* GeV). Unfortunately, this
mass scale is well beyond the reach of current and
upcoming n — i1 oscillation experimental searches. For n —
n oscillation search prospects in upcoming experiments,
see, for example, Refs. [10,48]. We leave a more accurate
analysis of the n — 71 oscillation rate in our theory with VV
interactions for future work [46].

VII. CONCLUSIONS

The issue of which physics is responsible for the
generation of the observed BAU is presently not yet settled,
although many BSM proposals have been put forth. In this
work we develop an effective theory with a new Dirac
fermion y that is uncharged under the SM gauge sym-
metries but carries nonzero baryon number, coupled to a U
and two D fermions, which are up and down type

SM-quark-like fermions, respectively. The interaction is
a dimension-six effective operator which we denote as
(1/A2)(yU)(DD), not showing Lorentz and color indices,
A being the cutoff scale. We start by considering both SS
and VV Lorentz structures, but show that if the two D
fermions involved in this coupling are identical, the SS
interaction is not allowed owing to the Grassmann nature of
the fermion fields and antisymmetry in the color indices,
leaving us to focus on the VVinteraction in the remainder of
the work.

We speculate on the origin of this effective interaction
from a UV completion perspective and give a few example
renormalizable theories, and comment on other associated
operators that are also generated in these examples. We give
an example of how the baryon number violating Majorana
mass might arise as a spontaneous symmetry breaking in a
theory which conserves baryon number at the Lagrangian
level. We also give examples of ways the sector in
which the baryon asymmetry is generated is connected
to the SM.

In our theory, baryon number violation arises due to
turning on Majorana masses for the y, which splits the
Dirac y into a pair of Majorana fermions X, (n = 1, 2) with
unequal masses M,,. There are two physical phases in our
theory, one in the coupling and another in the Majorana
mass. When we diagonalize the mass matrix and obtain the
interaction in the mass basis, these phases imply complex
couplings as shown in Eq. (11). We derive the conditions on
the couplings under which the C and CP invariances are
broken in our theory, that along with the source of baryon
number violation explained above, are required to satisfy
the Sakharov conditions.

We consider X', decay and scattering processes and work
out the baryon asymmetry by comparing the rates for the
process and its conjugate process. We show how the
interference between tree- and loop-level amplitudes could
result in a baryon asymmetry, due to the presence of
nonzero (weak) phases in couplings that flip sign in going
from the process to its conjugate process, and a (strong)
phase (factor of i) coming from on-shell intermediate states
in the loop amplitudes that has the same sign in both. This
is summarized in Fig. 3.

We make numerical estimates for the baryon asymmetry
from X, decays and scatterings, and find them to be

roughly of size AB,A,(;) ~1073(M,/A)* for reasonable
choices of couplings. A more detailed numerical analysis
considering specific Feynman diagrams is underway, and
will be presented in Ref. [33]. We place this mechanism of
baryon asymmetry generation in the expanding Universe,
write down the Boltzmann equation for the baryon number
density and make an estimate of the resulting BAU. In
another follow-up work [34] we will present a more
accurate numerical solution of the Boltzmann equation
and the BAU.
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Another interesting consequence of our theory is the
possibility of AB = 2 transitions, such as n — 7 oscillation
that is being looked for in experiment. We estimate the size
of this oscillation and place constraints on the parameters of
the theory. The M, scale we estimate from requiring that
the X be away from equilibrium in order to generate the
BAU suggests that this scale is well beyond the reach of
upcoming n — i oscillation experiments, and we will
sharpen this estimate in future work [46].

More generally, the discovery prospects in ongoing and
future experiments depend on the scale of M,, and on details
of how the communication between the BSM sector and the
SM arises. If M, < O(TeV), then there could even be
signatures at present day colliders (LHC) and at proposed
hadron colliders, which we relegate to future work.

APPENDIX A: SPINOR ALGEBRA

Here we collect well-known aspects of spinor algebra
that are useful to us, including aspects of two-component
Weyl spinors and its connections to four-component
spinors. We use the mostly minus (1,—1,—1,—1) metric
signature. We follow the Van der Waerden undotted and
dotted spinor convention to denote spinors that transform as
the (1/2,0) and (0, 1/2) irreducible representations of the
Lorentz group respectively (cf. Appendix of Ref. [49]).

We write the Lorentz transformation group element as
M = e~ (/2@ +7)7' the ¢, f being three-space rotation
and (three) boost parameters, respectively, and ¢ the three
Pauli matrices. Under such a Lorentz transformation, the
W, transforms as y, - Mgy and is said to transform
as a (1/2,0) spinor. A dual spinor y* can be defined
as )(“Eeaﬁ)(ﬁ; i.e., the index can be raised using the
completely antisymmetric tensor €, where we take
€?! = +1. Under a Lorentz transformation we have
w?® = y?(M~1)P 5o that the combination (yy) = y%y, is
a Lorentz invariant (sum over repeated indices is implied
unless specified otherwise). We denote the inverse of ¢ as
€up and take €,5 = —€* (ie., €5 = —€y = —1) so that
€qp€”’ = 8. We then have y, = €,5p”. These spinors are
taken to be Grassmann objects with y x5 = —ypw,. We
can show that (yw) = (yy).

We define the conjugate representation, denoted as y,
as ¥, = (w,)". Under a Lorentz transformation, it trans-
forms as g — (M), (Where MT = M*" is the adjoint

el2 — _

of the matrix M). Its dual % = ()" is given as y* =
e‘i’/’y‘/ﬁ transforming as * — ((M")~1)#%5? under a
Lorentz transformation, where (M")~! = ¢=(1/2)(i0-p)c
Similar to the undotted case, we have €!%2 = —¢2! = +1
and its inverse is €j 5 = —e5; = —1. We can raise and lower
similarly, i.e., " = ¢*/ip; and i, = €, ;%" The * is said
to transform as a (0, 1/2) spinor. The combination (7 ) =
Zaw" is Lorentz invariant and (7 ) = (¥ j).

The (yy) is a ¢ number, and its complex conjugate (yy)*
can be evaluated as (yw)* = (y*w,)" = (w,) (x*)' =
Wei® = (Wy) = (7). We note that the order of the
spinors is reversed above when (...)" is expanded over a
spinor bilinear (without any minus sign).

We find it useful to have a four-spinor formalism also at
our disposal. We can define a four-component spinor in
terms of the above two-component (Weyl) spinors as

. (w)
V= —a |’
X

where, although we use the same symbol () for both the
four-component and two-component spinors, which one we
mean should be clear from the context. We adhere to the
notation of Ref. [38] for the y#, namely,

”_<0 6")
y_ 5-/4 0 )

with 6° = 6% = 1, 5’ = —¢'. We can affix indices as o,

54 and we have the relation ¢/ ¢ 0’;,,/.), = /. For any

(A1)

(A2)

four-component spinor y, we define the charge-conjugated
spinor as ¢ = Cy* = —iy*y*, using the charge conjuga-
tion matrix C = —iy?.

Consider a four-spinor bilinear of the form B = yT'y. We
note that the complex conjugate can be evaluated in two
ways, namely B* or as Bf. The first can be written as
7°CT*Cy*, after introducing a minus sign in expanding *
over a four-spinor bilinear.® The second can be written as
wyT"y%, keeping in mind that the  reverses the order of
the spinors. Since for the ¢ number B, B* = B what we
have shown is

2°CT*Cye = 3y'Ty%. (A3)

Defining I'“ = CT*C and I' = y°T'"y°, we can write this as

1Ty =yly. (A4)

®We note that one must be careful in handling four-spinor
bilinears due to the Grassmann nature of fields. If a matrix
notation is followed for four-spinor bilinears of fields, as in usual
matrix algebra, then we can freely attach a transpose operator
(...)T ona (1 x 1) (i.e., c-number) quantity, but, when expanding
the transpose over a bilinear of four-spinor fields, there is an
implicit switching of these (Grassmann) fields, and therefore a
minus sign must be attached. Similarly, we can freely attach a
dagger operator (...)" on a (1 x 1) quantity. However, to be
consistent with the fact that a T operation expanded over a four-
spinor bilinear switches the order of the four-spinors without a
minus sign, we also must attach a minus sign when we expand the
complex conjugation operator (...)* over a four-spinor bilinear.
Here (...)" = (...)"T. These rules on four-spinor bilinear oper-
ations are in place to ensure that the corresponding underlying
two-spinor structure is left intact.
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For colored fermions, y,, y,, antisymmetrized over the
color indices using €, Eq. (A4) can be used to write

Farcwlcqeab = _Wal:‘)(beabv

(A3)
where we obtain a minus sign on the rhs from using the
antisymmetry property of €. We now apply Eq. (AS) to the
D¢ ,I'D, e part of the interaction of Eq. (1) by taking
I' - T, y - D¢ and w — D, which yields,

D Dse® = —D,I'D§e®, (A6)
or more simply I'“ = —I". This is a nontrivial constraint
onT.

Equation (A6) applied to the SS interaction £33, i.e., for
[' = (§.P, + grPg). implies that this part of the interac-
tion is the negative of itself, and therefore must be zero!
This is a consequence of having two identical D fields in
Lin» the Grassmann nature of the fields, the spinor
structure, and the color antisymmetry property. Next,
Eq. (A6) applied to LV, ie., for T = y*(§.P, + Gz Pr),
implies that §; = gz = § is required for consistency.

We check the result that the SS interaction cannot be
written down now using Weyl spinors. First note that
for a four-component spinor y = (y, ¥%)”, we have
wC = (y, w*)T. Now writing D = (d,, d°®)", where d,, and
d°® are independent Weyl spinors not related by conjuga-
tion, we have D¢ = CD* = (d5, d*)". Then D¢, (g, P, +
grPR)Dye? = (g d%d,y, + grds,,d°¥)e®-. Consider the
first term, d4d,,e*? = e”dy d,,e®, and since these are
Grassmann objects, this is —e*d,,,d; €**. Now relabeling
a <> b and a <> f, and using the antisymmetry property of
e, this becomes —e?dy d,,e*’ = —d%d,,e®. In other
words we have shown that d%d,,e® is the negative of
itself and therefore must be zero. We can show similarly
that df-wdCZe“b = 0. We note that this scalar bilinear is
clearly antisymmetic in spin as evidenced by the e above.
Thus we conclude that a scalar (i.e., antisymmetric in spin)
Majorana-like bilinear that is also antisymmetric in color is
identically zero. We then have shown again, now using
Weyl spinors, that the SS interaction cannot be writ-
ten down.’

The antisymmetry in color enters crucially in forcing the
above Majorana-like scalar bilinear to zero. This
becomes clearer when we consider a similar bilinear, but
for a color singlet y with four-spinor y = (y, ¥*%)7,
ie. (M Py + MpPr)y = (M1x“xo + Mpriy“®). Going
through the same steps as before brings us back to the same
form as we started (without an extra minus sign as in the

"We find that if we go ahead anyway and compute the tree-
level X, decay amplitude with the SS interaction, we obtain zero,
consistent with not being able to write down the SS interaction.

colored case since we do not have antisymmetric color
indices to flip here). Therefore, this bilinear is not zero and
we indeed included this scalar bilinear as the Majorana
mass of y.

A parity transformation takes x = (7,x) - (¢, —x) = %,
under which a four-spinor transforms as w(x) —
17"y (%) = @ (x) (in the notation of Ref. [38] where 7,
are introduced), and we need 7, = —#;,. For a Majorana
fermion X we have 7, =, =n" leading us to take
n¥ =i, which is also consistent with X = X. For the
D, U fields, we have a choice on what 7 to take, and we find
it convenient to make the unconventional choice
neV =t = i. We thus have (%) = iy’ (x), or equiv-
alently y(x) = —iy"y (%), and we have y°(x) = iy’ (%),
for all the fields D, U, X.

1. Fierz rearrangement

By Fierz rearrangement we can switch the order of four
spinors or fields. Here we start by briefly reviewing the
procedure, and then apply it to the VV interaction.

Consider an expression of the form w, w3 Bw,
involving four spinors w) 5 3 4 that are u, v spinors, and I'**
involve any combination of Dirac matrices. Using the
bracket convention [45], we can denote the above form
succinctly as (I")[I"8]. The Fierz rearrangement (see, for
example, Refs. [45,50]) is an equivalent form written as a
linear combination of terms in which the w, and w, switch
places, i.e., of the form v wywsIBw,, which, in the
bracket convention, is ([*][['?). To derive this form we
adopt the chiral basis of Ref. [45] and take the 16 matrix
basis set as

{4} = {Pg, P, Pry* . PLy*, 0"}, (A7)

and the inverse of these as

1
{Ta} = {PR9PL’PL}M’PR}’”»2UW}' (A8)

These satisfy the orthogonality condition

Tr(T,I8) = 265. (A9)
The Fierz rearranged combination is given by [45]
(PY[PP] = Y CEH(TPITe);  where
C.D
caB — %Tr(rArCrBrD). (A10)

Using this procedure, we obtain the Fierz rearrangement
of the VV interaction as
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(@) (9L PL + grPr)]
= —(r*9.PLl[ruGPL) = (v"grPRly,.9Pr)

+2(9.PL][GPr) + 2(9rPrl[GPL)- (A11)

In terms of the fields, the equivalent Fierz rearranged VV
interaction is as shown in Eq. (6), where we include an extra
minus sign arising from switching two fermion fields in the
Fierz rearrangement. In particular, we see that we cannot
Fierz rearrange our VVoperator purely as SS operators, but
rather it will include a sum over other related VV operators
(cf. Sec. IID).

APPENDIX B: DIAGONALIZATION OF THE
x SECTOR

To go to the diagonal basis in the y sector, we find it
useful to write the Dirac (four-component) fermion y in
terms of its component Weyl (two-component) fermions
2= (xa ¥%)7, using the dotted and undotted index notation
for the Weyl spinors as explained in detail in Appendix A.
In terms of the Weyl spinors, the mass terms in Eq. (9) take
the form

1 ML M Xa
Lo =3 20 (0 0 ) () e @m0

M, My)\xg
|
~ dy si
tanqﬁ:—&, tan 20 =
(ag + dycos @)
tan 2¢p; = (dOS2s’/’+2‘7’ ~ bosasy)
(agc® — bosycy + doszc¢+2(z,)
b3 =1+ b2 — .

written in terms of @ =, + ¢y — b3, 5, = sin 20,
s = sin ¢’~ Cj =008, 5405 =sin(P+2¢), ¢, 5=
cos (¢ + 2¢).

It is possible that a mass eigenvalue (although real) is
negative. If this happens, say for a particular n, then we
multiply the nth column of I/ by i, which flips the sign of
that eigenvalue and leads to M, real and positive. The new
U obtained so by multiplying a column by i remains unitary
and is adopted as the U/ for the rest of the analysis.

With the I/ as found above, we write the mass eigenstates

Xna = {}(la )(20!} as

(2)-(2)
Xa X2a

(B4)

tan 2¢2 =

We recall that M, and M, are real, while My = My, e~ "%x is
complex.

The mass matrix (M) in Eq. (B1) is complex symmetric
and can be brought to a diagonal form by a rotation of the
form M, = U MU, where U is a 2 x 2 unitary matrix and
M, is real, positive, and diagonal. We take U/ to be of the
form

C e_i(/)]

s e”it
u - <_s e_i<'/)3_{/)2) C e_i<{/’3_(/’l) > ’

where ¢ = cos @ and s = sin . Our task then is to find the
U, ie., to find 6, ¢, , 5 that takes us to the diagonal form
M with real and positive entries. To reduce clutter, we
write M as

(B2)

b
M= <a0 0 )
bo d0€l¢

with ag = M, dy = My, by = M,,, ¢ = P}, and equating
the real and imaginary parts of M, = U" MU with M,
being real and diagonal, we find the solution to be

2b,

: :docos((b—k(;ﬁ)—aocos&b’

(doczswz(ry, + bosys5)
(ags® + bysycy + doc?cy ng)’

(B3)

[
which, using an index notation, can be written as y,, =
(U)antna With Yaq = {¥o e} (@ =1,2and n = 1,2). We
assemble the Weyl mass eigenstate spinors y,, into two
four-component Majorana spinors as

¥, = <xn; )
Xn

forn = 1, 2. Clearly, the X, are self-conjugate and are thus
Majorana as claimed. We thus have the Dirac four-com-
ponent spinor y written in terms of two mass eigenstate
four-component Majorana spinors X, as

(B5)

X = (ulrLPL +u§nPR)Xn (B6)
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The mass eigenvalues, i.e., the entries of M, = diag(M,, M,), are given as

M = ayc? cos 2¢py — bys; cos (¢ — 1 — ) + dos* sin () — 23 + 245,
M, = ays® cos 2¢h, — bys, cos (¢ — ¢y — 3) + dyc? cos (p — 2¢3 + 2¢h,). (B7)
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