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popular SM extensions which can explain the observations. However, adding these fields by hand is
not very satisfactory as it does not address the big questions like a possible embedding into a unified
gauge theory. On the other hand, light leptoquarks within a unified framework are challenging due to
additional constraints such as lepton flavor violation. The existing accounts typically deal with this issue
by providing estimates on the relevant couplings. In this letter we consider a complete model based
on the SU4)c ® SU2)L ® U(1)r gauge symmetry, a subgroup of SO(10), featuring both scalar and
vector leptoquarks. We demonstrate that this setup has, in principle, all the potential to accommodate
Ry and Rpe while respecting bounds from other sectors usually checked in this context. However,
it turns out that K; — e*u¥ severely constraints not only the vector but also the scalar leptoquarks
and, consequently, also the room for any sizeable deviations of Ry from 1. We briefly comment on
the options for extending the model in order to conform this constraint. Moreover, we present a simple
criterion for all-orders proton stability within this class of models.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction RIM=0.300+0.010, R =0.252+0.005. (2)

This was first reported by BaBar [1,2] consistent with measure-
ments by Belle [3-5]. Recently this has been confirmed by LHCb in
case of Rp+ [6] at the 2.1-0 level. Additional deviations from lep-
ton universality have recently been reported by LHCb in the ratio

In recent years a few anomalies in the B-meson sector have
been observed by different experiments. The most striking one is
a 3.5-0 deviation in the ratios

['(B— D™th)

Rpw = —=———— (=6, 1), B -
"7 I~ DWID) Ry = B KU1 7454009 1 g 036 (3)
. I'(B— Kete™) e
with N -
I'(B—K*utu~) 011
Rgr= ——=—-——-=0.6917,,£0.05 4
Rp? =0.388+£0.047, RpP=0.321+0.021, (1) T T3 > Krete) —0.07 (4)
from the Standard Model (SM) lepton universality expectations in the dilepton invariant mass bin 1 GeV2 < g2 < 6 GeV2 [7,8].

These ratios are predicted to be 1 within the SM and are practically
free from theoretical uncertainties. Equally intriguing is a discrep-
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amount to more than 4.5-0 deviations once combined in a fit [12,
13].

In Refs. [14,15] it has been shown that the deviations in Rp
and Rk can be explained by an effective model adding one gen-
eration of scalar leptoquarks (LQs) with the quantum numbers of
the right-handed d-quark and an additional scalar gauge singlet
which couples to the LQs. However, it has been shown that this
leads to a too large rate for b — svv [16]. In Ref. [17] another
model with two different LQs, one with gauge quantum numbers
of the right-handed d-quark and one with charge 4/3, has been
presented which explains also neutrino masses at the 2-loop level.
As has been shown in Refs. [18-25], another possibility to suc-
cessfully accommodate the data is to use vector LQs. A somewhat
more complete model containing two types of vector LQs to ex-
plain the two-photon excess, based on a Froggatt-Nielsen ansatz
for the required coupling structures, has been presented in [26].
Beside the above mentioned violations of lepton-universality this
model is also compatible with the neutrino data. Another possi-
bility is that the required leptoquarks are bound states of strongly
interacting fermions [27].

Most of these settings are effective models containing just the
pieces required to account for the discussed experimental observa-
tions, which is clearly the first logical step to make when a new
signal shows up. However, eventually one would like to understand
the observations from a more fundamental perspective. Several at-
tempts in this direction exist already in the literature [27-38]. Of
course, the most attractive scenario would be a UV completion
compatible with theoretical requirements like gauge-coupling uni-
fication with the potential to explain also the observed dark matter
relic density.

From the GUT perspective the Pati-Salam (PS) model [39]
emerges as the first and very natural candidate for a low-energy
gauge framework featuring vector as well as scalar leptoquarks
within a simple dynamical and renormalizable scheme. However,
the Kibble-Zurek mechanism of the early-Universe monopole cre-
ation [40] suggests that the PS-breaking should occur above the
inflation scale [41]. It is therefore advisable to choose SU(4)c ®
SU2)L ® U(1)g instead as a gauge group of a potentially viable
model (as in Refs. [42,43]) which, indeed, does not suffer from the
monopole issue.

The structure of this letter is as follows: in Section 2 we present
the model and discuss the possibilities to obtain leptoquarks with
masses in the TeV range. In Section 3 we discuss in which parts
of the parameter space the B anomalies could be accounted for
and what are the constraints from the existing low energy data. In
Section 4 we draw our conclusions. In Appendix A we demonstrate
that in this class of models proton remains stable to all orders in
perturbation theory.

2. Model description

In what follows we consider the model proposed by Fileviez-
Perez and Wise in Ref. [43]. For convenience, we briefly outline it
here, focusing on the features related to flavor physics.

The model is based on the gauge group G =SU4)c®R@SUQR)L®
U(1)R, where the first factor unifies the three colors of quarks with
the lepton number. This group is spontaneously broken to Gsy =
SUB):® SUR)L ® U(1)y and further down to Gyac = SUQ3): ®
U(1)q, following the branching rules
Y=R+':[B—L], Q=T;+Y, (5)

where!

1 We use the square brackets here in order to indicate an indivisible symbol.

[B—L1=+/8/3T =diag(+1,+1,+1,-1). (6)

The matching condition for the QCD coupling at the scale, where
SU(4)c is broken, is simply g3 = g4.

The entire field content of the model is summarised in Table 1.
We also include information about other U(1) charges which we
need in Appendix A where the details of the baryon number con-
servation and lepton number violation are discussed.

The SM fermions together with the right-handed neutrinos are
combined into three quadruplets under SU (4)c appearing in three
copies representing different generations. On top of that, three
fermionic gauge singlets N necessary to generate the correct neu-
trino masses via inverse seesaw [44] are added.

The gauge field sector corresponding to SU (4)c consists of the
gluons, Z’ and a vector leptoquark X ~ (3,1, +%) which mediates
flavor violating processes such as K; — e*u¥. This tight constraint
implies that, for standard-size couplings, the mass of the vector
leptoquark has to be at least of the order of 1.6 x 103 TeV [45].2

The scalar sector consists of three multiplets x, ® and H, see
Table 1. The most general renormalizable scalar potential for these
fields reads

V =my HP> +m3 | x> + myTr(|®[*) + 21 |HP x|

+ A2 [HIPTr(|@[2) + aslx PTr(1@1%) + (uaH] x Ty +h.c.)

+asHITr(@l @) HI 4 e x T0i@] x + 27 HI* + 2g]x|*

+ AgTr(|D[%) + A10(Tr|D[%)? + (M]H? Tr(0! o)) H'

+ a2 H] Tr(@! &7 o) +343H] Tr(@! & &) + h.c.)

+hax 1@ x + MisTr(0] @ @ @)

+ A6Tr(®] @) Tr(@] @) + 347 Tr(@] F) Tr(@! @)

+MsTr(0] @ & &) +310Tr(@] @ &7 @) (7)

with [H|2 = HIH, |x> = xTx, |®1> = ®/®i where i, are the

SU(2) indices. The trace is taken over the SU (4)c indices only. No-

tice that the terms proportional to Aq1,..., A19 have been omitted

in the original paper [43]; we include them here for completeness.
The breaking of the SU(4)c group as well as the electroweak

symmetry breaking is triggered by the corresponding vacuum ex-
pectation values® (VEVs)

1 0 1 0
<X>_ﬁ<"x>’ (H>—E|:V1:|,

1 1 0 0
@=37(0 5)ell)

which are parametrised by vq = vewSing, vy = Vewcos B, with
Vew = 246 GeV. The SM-like Higgs h is a superposition of the fields
Re({HY, HY, x°}).

The fermion masses are generated by the following interactions
between the scalars and fermions:

(8)

—Ly = fSY1HFL + fSY2®F + fSY3HTF,

1 9)
+ fSY4@TFL 4 fSYsN + SNuN +he.

2 Note that this limit may be significantly reduced if the freedom in the mixing
in the charged leptoquark currents is fully exploited, see, e.g., [46] and references
therein.

3 The round and square brackets are used to distinguish between the SU(4)c and
SU(2). multiplets, respectively.
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The field content of the model together with all gauge quantum numbers for the different regimes as well as charges under several other global U(1)’s. Whenever L =L’
only the common value is displayed.

G Gsm Guac [B—1] F M B Ll
Fermions
u (3,%)
Q (3v2~,]/5) d 3, - + + 0
FL B ( Q ) (4‘ 27 0) ( ' 1/3) ( 1/3) +l +] ( 1/3) (
L Lo,2 -1 v (1,0) -1 0 +1
e (1,-1)
_ u¢ (3,1, -%3) (3, -%3)
c—(,c ¢ 4,1, 1 -1/3 1 -1 -1 -1/3 0 0 -1
(e ) SO () (ho) (o)
_ dc (3,1,1s) (3.15)
c—(dc e 4.1,1/ -1/3 1 -1 -1 -1/3 0 0 -1
fi=(a ) @y - (1) (- o) (0 -1)
N 1,1,0) 1,1,0) 1,0 0 +1 0 0 0,+1
Scalars
st S + + _
e st 1 51 (3,1,%) (3.%3) 13 0 T s 0 ' 1
0 0
X x° (1,1,0) (1,0) -1 0 +1 0
u Hf 1,1
1,2,1/2) 1,2,12) 0 0 0 0 0
HY (1,0
R 3.5
Ry (3,2,%s) R%/3 (3.2%5)
G R - CNERTD
b= R; o 15.2.1 R, (3.2, ) R%BT 3, %) 0+ 0 o 0+ 0 -1
G (8.2 Y 0 S + o
+v2THy GO (8,0)
Hy (1,2,%%2) HY )
HY (1,0
Gauge Bosons
s [ G Xu Gy (8,1,0) (8,0) _— " 0 1
"l\xn o (15.1,0) Xu G175 3.7/ o 0 0 o oo
+T153;l B, (1,1,0) (1,0 ’ 3
Wit (1,£1)
W, 1,3,0) (1,3,0) 0 0 0 0 0
W) (1,0
By (1,1,0) (1,1,0) (1,0) 0 0 0 0 0

In the broken phase, this leads to the following relations between
the mass matrices for the SM fermions and the underlying Yukawa

matrices:

Ul BV, =%Y1 + Z%Yz, (10)

devd=%yg+ 2%“, (11)
Mez%n—%m. (12)

Here M are diagonal and U, V are unitary matrices describing the
relation between the gauge and mass eigenstates. We work in a ba-
sis where the lepton mass matrix is flavor-diagonal. The only con-
straints on U’s and V'’s are that Vcgy = Vz V4 must be reproduced.
In the current study, we shall assume that all the Yukawa matrices
in (9) are symmetric in the flavor space and, hence, Us =V and
Uy, = V; besides simplicity, this is motivated by the idea that this
model might eventually be embedded in a variant of the minimal
S0(10) framework (such as proposed in Ref. [47]). Thus, we are
left with just one mixing matrix V4 which we can choose freely.
As we will see, this freedom is crucial for accommodating the B

anomalies without violating other constraints from lepton flavor
violating observables.

In the neutrino sector we have a 9 x 9 complex symmetric ma-
trix in the basis (v, v, N) which should yield the light-neutrino
PMNS matrix as well as their measured mass differences.

The scalar leptoquarks in this model (R3, Ry and Sp) re-
side in ® and y. After the SU(4)c breaking, the masses of the
SU(2)-doublet scalars conform the sum-rule

_ 3
mé +2m?,, smzﬁzi(mﬁﬁm%z), (13)

where G denotes the scalar gluons and H’ stands for the heavier

eigenstate of the H and H, mixture. This, among other things, im-

plies that one can not have both m%  and m% significantly smaller
2

than mZ and m?,. It is well known [48], however, that a light
scalar leptoquark with the quantum numbers of R, is way more
suitable for a proper explanation of Ry than Ry; hence, in what
follows, we shall work in the setting with mfaz < m%z.

Furthermore, the mixing among the charge-2/3 components of
R and R, with the S; field emerges only from the SU(2)L QU (1)y
breaking. Hence, the physical mass eigenstates R/l,Z are dominated
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Fig. 2. One-loop contribution to ; — 3e via leptoquarks R’.

by Rg/ % and Rg/ 3, respectively, whereas Sy approximates the Gold-
stone mode associated to the vector leptoquark.

3. Low energy observables

We turn now to a discussion of the relevant low-energy ob-
servables in the current model. First of all, we want to explain the
observed deviation from the lepton universality in the B-meson
decays. The Feynman diagram responsible for the tree-level contri-
butions to Rk via the scalar leptoquarks R’ is depicted in Fig. 1.
It is important to notice, however, that the same leptoquark which
should explain the B-meson anomalies would also contribute to
other observables. At the tree level, one can expect an impact on
other meson observables like B — Xsvv, BE — Il or K| — epu.
Moreover, there are important loop contributions to B — Xy,
I — 1y and | — 3I'. An example of the responsible Feynman di-
agrams is shown in Fig. 2.

For our numerical study we used the Mathematica package
SARAH [49-53] and extended” it to support the model under con-
sideration. In the first step, we used the model files to produce a
spectrum generator based on SPheno [55,56]. SPheno calculates
the mass spectrum providing the option to include all one-loop
and the important two-loop corrections to neutral scalar masses
[57-59] in the DR or the MS scheme. However, we are assum-
ing here a full on-shell calculation of all masses, i.e., all shifts can
be absorbed into counter-terms of the couplings leaving the mass
spectrum unchanged.

In addition, SPheno provides an interface to HiggsBounds
[60-62] which we used to check the constraints on the neutral
scalars. Moreover, SPheno calculates electroweak precision as well
as flavor observables. The calculation of flavor observables is based
on the FlavorKit functionality presented in Ref. [63]. We used
this feature in order to calculate the values for all necessary lepton
flavor violating observables including K; — e/. Moreover, the val-
ues of the Wilson coefficients relevant for the B-physics calculated
by SPheno were passed to flavio [64] to obtain predictions for
the B-meson observables.

In Table 2 we collect the input parameters for this study. The
remaining parameters affect the heavy states which do not con-
tribute to the observables discussed below. For the fermions we
take as input the known quark and lepton masses, the CKM and

4 Details about the new feature to support unbroken subgroups in SARAH will be
given in [54].

Table 2
Summary of the default input values used in this analysis except if
stated otherwise. All other BSM scalars have masses of the order

O(ma).
Numerical input values
Y, diag(1078,107,1073)
Ys diag(1072,5-1072,107 1)
b12, 913, ¢23 7/2, 0, 7/4
vy 4.10° GeV
ma, mpg, 2-10° GeV, 900 GeV

tan g 50

the PMNS matrices using the best fit values reported in [65], the
Yukawa couplings Y, Y5 and tanB. For an explanation of the
B-physics observables we need an off-diagonal structure in Y4. We
therefore take Vg as input, parametrizing it as

1 0 0 C13 0 5136"‘S
Va=10 C23 s23 | - 0 1 0
0 —s3 23 —s;3et® 0 13
c12 S12 0
-2 ¢z 0], (14)
0 0 1

with ¢jj = cos¢;; and s;; = sin¢;;, and vary all three angles in the
range [0, ] with § =0 for simplicity. In the scalar sector we take
the SU(4)c-breaking VEV v, the mass of the R/ leptoquark and
the overall scale (my) of the heavy integer-charge Higgs bosons
as input. Moreover, we fix the mass of the SM-like Higgs-boson
to 125.1 GeV by adjusting 17 accordingly. As we take the heavy
Higgs bosons to be in the multi-TeV range, we are in the decou-
pling limit and fulfil automatically the experimental constraints on
the observed Higgs boson.

As long as Rp and Rp+ are concerned, there are in principle
two ways to accommodate the data in the current scenario: (i)
The model automatically contains a vector leptoquark of a suit-
able type [32]; however, its potential effects in Rpw are strongly
suppressed by the need to be compatible with K; — e which
pushes its allowed mass above 1600 TeV. (ii) A way larger effect
than (i) is expected if the two scalar SU(2)-doublet leptoquarks
in the spectrum remain light and, at the same time, their charge
+2/3 components entertain a large mixing. This, as discussed in
Sect. 2, is impossible in the current setting. Hence, the simple
model at stakes has serious issues with accommodating the ex-
isting B— D™¢p data.

By contrast, it is fairly easy to explain the currently observed
values for Rg and R+ as demonstrated in Fig. 3. Here we have
fixed the input parameters as given in Table 2 and varied one of
the relevant angles. The new physics contributions to the Wilson
coefficients are given by

NPij _ ~NPij __ T T
Cor, = Cro.r, = C 4m2 (Y4vd>i3 (de4)2j ’ (15)
Ry

where i = j =1, 2 for the contribution to b — see and b — suu,
respectively. Using Eqs. (11) and (12) we calculate the Yukawa cou-
plings Y3 and Y4 in terms of the lepton and quark masses as well
as V4. Exploiting the hierarchy in the fermion mass spectrum we
get, to a good approximation,

3mpmg

NPee 2
Mt~ — —— = (1+tan’ B)f_, (16)
2 128m12z,]vgw
3mp(ms —my,)
NPup b\"Ms I 2
~———— " (1+tan , 17
9.R, 128m2 V2, ( B) f+ (17)
1
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Fig. 3. Rk (first row) and Rk« (second row) as a function of the mixing angles in
the down-quark sector. The remaining parameters are given in Table 2.

with

f+ =4c0s2¢y3 sin2¢12 singi3

.2
+ sin2¢n3 (3 08 2¢12 + 1+ 205 2¢13 °" "’12) . (18)

cos? p12

Combining this with

RK:1+|Q§;M|2<|C§III;’;“|2—|CQI;§;|2> (19)
from [66] one obtains an excellent analytic approximation to the
numerical results shown in Fig. 3.

In Fig. 4 we display the contour lines Rx and Rg+ in the
Mg -tan B8 plane. The shaded regions indicate the 1-o regions con-
sistent with present data. The increase of tang with increasing
Mg can easily be understood from Eqs. (16)-(17) as the new
physics contributions scale as

Y? tan?p 20
vl (20)
mR,l TnR,1

We recall that the leptoquarks in general also contribute to
lepton-flavor violating decays of the muon such as u — ey, see
for instance [67]. There are two main contributions to this observ-
able in the current setting coming, namely, from heavy-neutrino
and W -boson loops as well as leptoquark and quark loops. As an
example, in Fig. 5 we show BR(u — ey) as a function of an ex-
tra factor s rescaling the Y, eigenvalues in Table 2 into Y — sY;.
For s 2 5 the leptoquark loops dominate whereas for s <1 the

7

S

i -
/,// // Y,
e / Z
J // /'/

4 / 7S

P

4

HilH

tan 3

0L ‘ ‘ ‘
800 900 1000 1100 1200

mp, [GeV]

Fig. 4. Contour plots of Rk and Rg+ as a function of the leptoquark mass and tan j.
The shaded regions indicate the range preferred by current data. The remaining
parameters are given in Table 2.

1078 L

= 10710}

10—12 L

Br(p — ey

10—14 L

107 1072 107 10 10 10 10%

S

Fig. 5. BR( — ey ) as a function of s which rescales the values of Y, in Table 2.
The other parameters are fixed as before.

neutrino loops are dominant. The narrow minimum is due to a
negative interference between both contributions.’

Let us point out that in the current model the bounds from
M — 3e are in general stronger than those from p — ey in the
range interesting for Ry and Rg+, see Fig. 6. The main reason
for this is the negative interference in p — ey discussed above
which does neither take place in the Z-penguins nor in the box-
contributions to u — 3e (see Fig. 2) for the same set of parame-
ters.

In addition, we have checked that rare T decays do not impose
any constraints in the Ry -interesting regions. The same holds for
rare b-decays, such as Bsyg — uTu~, B— sy, B — X;vv. Taking
only the couplings of the scalar sector given in ref. [43] would
yield mém =m§; + 0(v2,) leading to too large contributions to

AMg and AMp. However, this relationship gets broken by A14 in
Eq. (7) implying that also these bounds can be avoided.

In any case, there is another stringent constraint to be consid-
ered, namely the bound on K; — eu. This mode is usually used as
a limit on the mass of vector leptoquarks but it is typically not be-
ing taken into account for the scalar ones. As can be seen in Fig. 7,

5 In principle, s (and, hence, Y,) may be even larger than that indicated in Fig. 5

if off-diagonal elements of Y5 were invoked together with this negative interference.
However, as Y> does not enter the calculation of Ry at the lowest order, we do
not investigate this further.
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0.71 1 1.28

1077

10710 [=F

Br(u — 3e)

1078 | .

Br(p — e7),

107161\

Fig. 6. Correlation between BR(u — ey ), BR(;t — 3e) and Rk obtained by varying
P12, ¢13, ¢23 in equal steps of 7 /27 in the range [0, 7] each. The other parameters
are fixed as given in Table 2. The color code indicates the value of Ryx.

0.71 1 1.28

1078
=
o qg-12 [
+
~
i%’ 16
& 107}
SRR
10720} o
0.7 0.8 0.9 1. 1.1

Ry

Fig. 7. Correlation between BR(K; — eu) and Rk obtained by varying ¢;; as in
Fig. 6. The other parameters are fixed as given in Table 2. The color code indicates
the value of Rk« for each point.

in the interesting region for Rg the bound is violated by several or-
ders of magnitude, thus ruling out this model even in those tuned
parts of the parameter space where all other constraints can be
satisfied.

It has been argued in [32] that additional fermions in vector-
like representations of the gauge group can reduce the couplings
of the SM-fermions to vector leptoquarks which, in turn, may be
used for lowering the generic experimental limits for their masses.
The same mechanism can in principle work also for the couplings
of the scalar leptoquarks such that the constraints due to K; — e
can be satisfied. However, a detailed exploration of this aspect is
beyond the scope of this paper and will be elaborated on else-
where [54].

We note for completeness that leptoquarks with masses of
about 1 TeV are already constrained by the LHC searches. These,
however, typically focus on the situation when the decays are
dominated by one channel; in the scenarios where the LQs inter-
act through multiple couplings the corresponding bounds must be
re-evaluated.

We would also like to point out that the “LQ beta-decay mod-
es”, i.e,, the decays of a heavier LQ into its lighter SU(2); com-
panion and W have not been considered so far within the collider
searches. Nevertheless, depending on the exact mass splitting, they

may be of significant interest, especially if the on-shell W produc-
tion is kinematically allowed.®

4. Discussion and conclusions

Motived by the successful attempts to explain the observed val-
ues of Ry and Ry by leptoquarks we study a unified SU(4)c ®
SUQ2)L ® U(1)r gauge model in order to demonstrate the chal-
lenges one faces when all additional relations inherent to a unified
scenario are taken into account. Among these, the dominant role is
typically played by the constraints on the Yukawa couplings from
the quark and lepton masses and mixing data and/or the tight con-
nection between the relevant gauge coupling and «;.

The model under consideration contains three different types
of leptoquarks: a hypercharge-2/3 vector leptoquark and a pair of
scalar leptoquarks with hypercharges 1/6 and 7/6. In its minimal
version, with the SM fermion sector extended such that it supports
the inverse-seesaw mechanism for neutrinos, one finds [43] that
the kaon physics constrains the mass of the vector leptoquark to
such an extent that it cannot significantly impact the B-physics
observables.

We have shown that in the setting under consideration one
can get the hypercharge-7/6 scalar leptoquark in the TeV range
while, at the same time, have automatically the hypercharge-1/6
scalar leptoquark rather heavy. With this scalar sector, the low-
energy effective operator structure of the model at the scale of
B-mesons is such that it can accommodate Rg and Rg+ but nei-
ther Rp nor Rp+.

We find that the allowed parameter space for Rg and Rg+ gets
severely constrained by the bounds on rare muon decays; in par-
ticular, 4 — 3e is more important than pu — ey. Neither lepton
flavor violating 7-decays nor other B-physics observables lead to
additional constraints. However, it turns out that no points in the
available parameter space are compatible with K; — ep.

On the other hand, this does not imply that this kind of a lepto-
quark model is ruled out straight away as an explanation of Ry
because one can always enlarge the fermion sector by vector-like
representations. In this way one may in principle reduce the cou-
plings to the muon by mixing effects and, thus, avoid the bound
due to K; — eu. This goes beyond the scope of this letter and will
be elaborated on in a future study.
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Appendix A. Baryon number conservation

It has been noted in [43] that the model has an approximate
extra U(1)rp symmetry corresponding to the fermion number F,
which is explicitly broken by the Majorana mass term for N. How-
ever, there is another independent accidental global symmetry
U(1)m, the charges of which are

6 Let us note that in the model of our interest the LQ-doublet mass splitting
would be below my, if we were to consider only the potential given in [43] but
can be larger once the additional terms as in Eq. (7) are included.
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M(FL%) =M(x*) = +1,

M(fSo) = M(f§,) = —1,
M(®%) = M(H) = M(N) =0,
M(AL%) =M(W,,) = M(By) =0.

(A1)

Here «, 8 denote SU(4)c vector-like indices. Notice that we can
obtain the M-charges of all the field multiplets by the prescription

M = (#upper SU (4)c indices) — (#lower SU (4)c indices).
(A.2)

The U(1)y symmetry of each term in the Lagrangian is then
guaranteed by the fact that every upper SU (4)c index is contracted
to a lower one, all carried by the dynamical fields. It is also clear
that any hypothetical M-violating but SU (4)c-preserving term nec-
essarily contains the antisymmetric tensor €44y 5. Hence, such type
of a symmetry is realized in any SU(4)c model whose field con-
tent does not allow for the SU(4)c Levi-Civita symbol to occur in
the interaction Lagrangian at the renormalizable level; for exam-
ple, in [68], the corresponding number is called B’.

Having the M-charge at hand, we can combine it with the
gauge charge (6) as

B=JM+[B-L), (A3)

which obviously yields the baryon number (see Table 1).

As one can verify readily, in the model under consideration
both [B — L] and M are spontaneously broken by (x) whilst
their sum (A.3) remains a good symmetry even in the asymmetric
phase.

On a more general ground, one can rephrase the same argu-
ment as follows: If M defined as (A.2) is a good symmetry of the
unbroken-phase theory, there is no SU(4)c-Levi-Civita tensor in
its Lagrangian L£4. This means that there is no SU(3).-Levi-Civita
tensor in the broken-phase Lagrangian L3 either. Consequently, a
global charge defined as

3B = (# upper SU (3). indices)

(A4)
— (# lower SU(3). indices)

generates a good symmetry of £3 and, hence, B - the usual SM
baryon number - is perturbatively conserved.

Let us also note that there are two slightly different candidates
for the lepton number, none of which is, however, related to a fully
conserved quantity in our model. The first option is intuitive,

L=B—[B—L]. (A5)

Here, U(1) is a good symmetry of the classical action but it is
spontaneously broken, together with [B — L], by (x). The alterna-
tive,

I'=F —3B, (A.6)

is, on the other hand, preserved by the vacuum but explicitly bro-
ken by the Majorana mass term because F is so.
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