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Incorporation of the standard model Yukawa interactions in a grand unified theory (GUT) often predicts
varieties of new scalars that couple to the fermions and lead to some novel observational effects. We assess
such a possibility for the color sextet diquark scalars within the realistic renormalizable models based
on SO(10) GUT. The spectrum consists of five sextets; =~ (6,1,—2), S~ (6,1,1), S~ (6,1,-1),
S~ (6.1,%), and S ~ (6,3, —1). Computing explicitly their couplings with the quarks, we evaluate their
contributions to the neutral meson-antimeson mixing and baryon number-violating processes like
neutron-antineutron oscillation. The latter arises because of a B — L violating trilinear coupling between
the sextets which also contributes to some of the quartic couplings and perturbativity of the same leads to
strong limits on the sextet masses. Using the values of the B — L breaking scale and Yukawa couplings
permitted in the realistic models, we derive constraints on the masses of these scalars. It is found that
along with any of the remaining sextets cannot be lighter than the B — L breaking scale, simultaneously. In
the realm of realistic models, this implies no observable n-7 oscillation in near future experiments. We
also point out a possibility in which the sub-GUT scale ~ and a pair of S, allowed by the other constraints,

can viably produce the observed baryon asymmetry of the Universe.

DOI: 10.1103/PhysRevD.107.055008

I. INTRODUCTION

Grand unified theories (GUTs), which provide complete
unification of the Standard Model (SM) gauge bosons and
full or partial unification of the quarks and leptons, typically
predict an enlarged spectrum for spin-0 particles [1-3]. This
is in particular the case for the renormalizable versions of
SO(10) models constructed on the four-dimensional space-
time which provide a unique platform for constructing an
explicit, predictive, and realistic model of the grand uni-
fication [4-8]. Several scalar fields with varieties of color
and electroweak charges are predicted as partners of the
electroweak Higgs doublets in these models. Since only
the latter are essentially required in the low-energy theory
to break the electroweak symmetry, the rest are often
assumed as heavy as the GUT scale invoking the so-called
minimal survival hypothesis [9]. Nevertheless, if some
of these scalars remain lighter than the GUT scale
then they can give rise to some phenomenologically
interesting effects because of their nontrivial SM charges
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and direct couplings with quarks and leptons as predicted
by the underlying GUT model. Such effects include
flavor anomalies [10-14], distinct signatures for nucleon
decays [15], neutron-antineutron oscillation [16-20], bar-
yogenesis [18,19,21-25], precise unification of the SM
gauge couplings [18,21,26-28] and some anomalous
events in the direct search experiments [27-29].

A complete classification of the scalars that may arise
from the most general Yukawa sector of the renormalizable
SO(10) models is given in our previous paper [15]. Among
the various scalars, the color triplet and sextet fields are of
particular phenomenological interest as they all carry non-
zero B — L, where B (L) denotes baryon (lepton) number.
Because of this, they give rise to processes that violate B
and/or L which otherwise are good accidental global
symmetries of the SM at the perturbative level. Among
these, the color triplets are known to induce nucleon decay
and they have been comprehensively studied in [15].
Computing explicitly their couplings with the quarks and
leptons in the realistic SO(10) GUTs, we derived bounds on
their masses arising from various B — L conserving and
violating modes of proton and neutron decays. In this paper,
we focus on the color sextet scalars with a similar intention
to derive the constraints on their spectrum from various
phenomenological considerations.

Unlike the color triplet scalars, the sextets do not
induce nucleon decay by themselves. However, they can
give rise to neutral baryon-antibaryon oscillations if there
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exists B — L violating interaction between the relevant
sextets [17,30,31]. The latter is inherent in the renormaliz-
able SO(10) models. One, therefore, expects constraints on
the masses of the sextet scalars from neutron-antineutron
oscillation experiments [32-35]. Light color sextets can also
be constrained from the B conserving but flavor-violating
mixings between mesons and antimesons [17,36-38]. Both
these constraints primarily depend on (i) the Yukawa
couplings of the quarks with the underlying sextet scalars,
and (ii) the B — L breaking scale. Unlike in the typical
bottom-up approaches, both (i) and (ii) are more or less
determined from the low-energy spectrum of the quarks and
leptons in the realistic renormalizable SO(10) models. Thus,
one obtains more robust and unambiguous bounds on the
spectrum of the colored sextet scalars in the top-down
approach that we present in this work. Utilizing the spectrum
of the sextet scalars allowed within the renormalizable
SO(10) models, we also point out a new and self-sufficient
possibility of generating the observed baryon asymmetry of
the Universe.

The rest of the paper is organized as follows. In the
next section, we derive the spectrum and couplings of
color sextet scalars in renormalizable SO(10) models.

|

Various phenomenological implications of these scalars
are derived which include flavor violation in Sec. III,
neutron-antineutron oscillations in Sec. IV, perturbativity
of the effective quartic couplings in Sec. V and baryogenesis
in Sec. VI. Constraints from all these observables are
analyzed in Sec. VII and the study is concluded in Sec. VIII.

II. COLOR SEXTET SCALARS
AND THEIR COUPLINGS

The Yukawa sector of renormalizable SO(10) GUTs
comprises scalars in 10, 126, and 120 dimensional irre-
ducible representations of the gauge group. Various sub-
multiplets residing in these GUT multiplets, along with
their SM and B — L charges and multiplicities, are listed in
our previous paper [15]. For convenience, we reproduce the
information relevant to SU(3). sextet fields in Table I.
These scalars arise only from 126, and 120,.

The couplings of these colored sextet fields with the SM
quarks can be straightforwardly computed using the
method discussed and the decompositions given in [15].
For the sextet fields residing in 126, we find

—L£126 — F,,167C'16,126, + H.c.

i
SR <zdgATc-l A5, 5 — /2T G, 5,

V15

+ e uly CuSp S, + \/Eeaﬂyeabqj“TC_lq”BCSga> +H.c. (1)

In the above, we continue following the notations used by
us in the previous work [15] in which the a, f3, ... (a, D, ...)
letters denote SU(3). (SU(2),) indices while A,B, ...
represent three flavors of quarks. Different numerical
factors in front of each term in Eq. (1) arise from the
Clebsch-Gordan decomposition and canonical normaliza-
tion of the quark and scalar fields [15].

Analogously for the Yukawa interaction with 120, we
obtain

—E%/ZO = GABI6£C_1163120H —+ H.c.

2i -
D ——GAB(eaﬂy”yCATC_lng op

V3

— ey C7'd38¥) + Hee. (2)

Here, F' and G are symmetric and antisymmetric matrices
in the flavor space, respectively. S denotes the color sextet
with Y = 1/3 residing in 120, and it is distinguished from
S belonging to 126, which has the same quantum numbers.
It is noted that S and S couple to the left-chiral quark fields
while the remaining color sextets have interaction vertices

I
with only the right-chiral quarks. All the interactions in
Egs. (1) and (2) conserve B — L.

In the models with both 126, and 120, present, the
fields S and S can mix with each other through gauge-
invariant terms like 120Hﬁ6;45H or 120HE6;,210H.
The physical states are then given by linear combinations
of S and S. For simplicity, we assume that such linear
combinations are parametrized by real parameters and
define

TABLEI Types of colored sextet fields, their charges under the
SM gauge group [SU(3)., SU(2),, U(1)y], B— L and multi-
plicities in 126, and 120, dimensional scalars of SO(10).

SM charges Notation B-L 126, 120,
(6.1.9) 5, : ! !
(6.1.-) 5 -3 0 1
(6,1,— %) b % 1 0
(§ l,%) S5, % 1 0
(6.3.-3) Sy -2 1 0
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S] = CHS + SQS, S2 = —S()S + CQS. (3)
Here, ¢y = cos 0 and sy = sin6. The linear combination
S, is to be identified with the lighter mass eigenstate,
ie., Mg < Mg,.

Replacing S and § with the physical states S 12 using
Eq. (3) and converting the quarks fields into their physical
basis using f — U,f, the Yukawa couplings between the
various sextet fields, ® =X, S;, S, S, S, and quarks can be
rewritten as

_ vy JCT =1 4C S CT -1 ,4C
—Lo = Yipdyy C dﬂBZaﬁ +YAB€aﬁyuyAC daBSigﬁ
S CT—-1,,C
—l—YABe”‘ﬂquATC uyBSZ/j
_ b
+ Y €apards C ™ So

+ Y8 geapity C1d3SY + He., (4)

where i = 1, 2. The 3 x 3 matrices Y® obtained from
Egs. (1) and (2) as

2i
z
Y — —\/?UchUdC,
2i (1
YS] = \/\/_gl (— CaUchUdC - \/ES@UﬁCGUdC) ’

V&
V2i (1

YS = ——_UT.FU,c,
u u

V15
V2i

Ny
ys =-Y2ulFu,, =

V15 V3

Here ¢, ¢ = u, d. The matrices Y*, Y are symmetric in the
flavor space while Y is symmetric when g = ¢’. Note that
the matrices U, and U, determine the quark mixing matrix,

YS = =_UTGu,. (5)

uiu 4= Vckm. Therefore, U, ~ U, serves as a good
approximation and YS can be considered symmetric at
the leading order.

The advantage of deriving the expressions in Eq. (5) is
that all the Y® can be explicitly computed in the realistic
SO(10) models in which the fundamental couplings F, G,
|

1|1

and the diagonalizing matrices U s are determined from the
fermion mass fits. We now use the above couplings to
determine various phenomenologically relevant processes
involving sextet scalars in the subsequent sections.

III. QUARK FLAVOR VIOLATION

The Yukawa sector of viable SO(10) models must
consist of more than one GUT scalar. This implies that
Y® are not diagonal matrices and, therefore, the sextet
scalars can lead to a new source of flavor violation in the
quark sector. The strongest constraints on this type of new
physics come from the |AF|=2 processes involving
neutral meson-antimeson oscillations. Following the effec-
tive theory approach, we estimate the sextets-induced
contributions to K°-K©, BS/S—ES/S, and D°-D° mixing at
tree and one-loop levels.

Integrating out various sextets from Eq. (4) and para-
metrizing the effective Lagrangian as

L5 =) (c,0,+¢,0,) +He., (6)

q=d.u

we find the following independent operators
@d = <d7m}’”d7ec> (ng}/ung)’

o, = <”_(1$A}’””%c> (”ﬁBVﬂugD)

Ou= <dZA7”dzc> <dﬁ3}’ﬂdlzD>v
0, = <ﬁA7ﬂuZC> (”/ZBJ’”L’{D)- (7)

Here, we use ¢ = ¢; and ¢© = Cqj} for ¢ = u, d to obtain
the above operators in the usual left- and right-
chiral notations. O, , and (7),4,[, are related by L < R.
Operators O, and O, induce flavor-changing neutral
meson-antimeson oscillations in the up-type and down-
type quark sectors, respectively.

The coefficient of the operator O, is obtained as

i, 8.€.0] = 1 [ VR 0%0)" — i [(9)acn + (D1ap (]|

z

- %% [(Ygl )ac(F3)pp + (73) 4p (V3! )BC]’ (8)

where Y = Y®Y®" and Y = Y®"Y? are hermitian matrices. The first term in the above expression denotes the tree-level
contribution mediated by X while the second and third terms are contributions generated at one loop by the scalars X and Sy,
respectively. Note that we have not included the contribution from S,, which is of a similar kind as Sy, as it is generically
expected to be suppressed since Mg, > My, .
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Analogously, we find the following coefficients of the remaining operators.

_ 1 .
¢.[A,B,C,D] = W2 |:Y§B(YgD) -
S

o |+ ()1p(1Shuc |

6 [(Yil ) ac (P51 + (IS >AD<Y§'>BC], ©)

M%} 1672

1
Cd[A, B, C, D] = W [Y.%B(Y%D)*
S

o | (BB + (D)ap Ve |

_Miéé [(Y§>AC(Y§)BD + (Y§)AD(Y§)BC]7 (10)
and
u.B.C.D] = iz [V3a(120)" = o | (VDo + (P (e |
_ML?Q% l:(Y§>AC(Y§)BD+ (Y§)AD<Y§)BC]' (11)

It can be seen from the above expressions of ¢, ; and ¢, 4
that only the sextet X (S) gives rise to flavor violations in
the down-type (up-type) quark sectors while S contributes
in both the sectors at tree level. Contributions of S; and S
to the flavor violation arise only at the loop level.
Nevertheless, the latter can be of a similar order as that
of the tree level depending on the hierarchical structure of
the Yukawa couplings.

For a quantitative estimation of the constraint on the
masses and couplings of sextet scalars, relevant ¢, ; and ¢, 4
need to be evolved from the mass scale of the integrated-out
scalar, i.e., 4 = Mg where Eqgs. (8)—(11) hold, down to the
scale at which meson-antimeson mixing is experimentally
determined. For K°-K° oscillation, the relevant scale is
1 =2 GeV and the renormalisation group evolution (RGE)
evolved effective coefficient for Mg > m, is given by [39]

Cl = (0.82 - 0.016“S(M‘1’)> <“S(M“’)>O'29cd[1, 1,2,2)(My).

a(m) )\ a.(m,) 12
The same equation is obtained for Ck by replacing ¢, with &, in the above expression. Note that C and C are coefficients
of effective operators, Q; and Q,, given in [39] which are identical to our @, and @d, respectively, with A = B = 1 and
C = D = 2. These operators do not mix with the other operators through RGE evolution and, therefore, one obtains a
relatively simple expression, Eq. (12).

Similar arguments also follow for B?, /S—BS /s mixing. In this case, one obtains the relevant Wilson coefficients as

ch = <0.865 - 0.017“5(M‘D)) <“‘*<M¢)>0'29cd[1, 1,3.3)(Mo).

ay(m) ay(m)
Ay (M‘D) A (MQ) 029
Ch, = (0.865-0.017 2,2,3,3|(Mg), 13
= o)) (D)™ 22,3, 300t6) (13)
at yu = m,, [40]. In the case of the charm mixing governed by D°-D° oscillations, one finds [41]
Ma)\ (a.(0)\
cl - <0.837—o.016as( @ )( : ,[1,1,2,2](My), 14
b a(m) ) \a(m)) Coll1:22Me) 1

at 4 = 2.8 GeV. Various coefficients then can be compared with the present limits obtained from a fit to the experimental
data by UTFit Collaboration [41]. The present limits are
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|ICk| < 9.6 x 10713,
ICp | < 1.1x107,

Ch | <23 x 107",

|ICL] < 7.2 % 10713, (15)
The same upper bounds are also applicable on the corre-
sponding C'.

IV. NEUTRON-ANTINEUTRON OSCILLATIONS

The color sextet fields can also induce a transition
between the neutral baryons and their antiparticles.
Unlike the flavor transitions discussed in the previous
section, this requires a source of baryon number violation.
In renormalizable SO(10), the latter naturally arises from
gauge invariant quartic couplings between three sextets and
an SM singlet residing in E6H, namely o, which carries
B — L = -2 (see Table I in [15]). The vacuum expectation
value (VEV) of ¢ breaks B — L and generates masses for
the right-handed neutrinos. It also gives rise to B—L
violating trilinear couplings between various sextet scalars
which can induce neutral n-7 oscillations through dimen-
sion-9 six-fermion operators [42—44].

To derive the effective operators relevant for neutral
baryon-antibaryon oscillations, we first write the most
general quartic interaction terms between three sextet
scalars and o allowed by the SM gauge symmetry and
B — L. They are found as

nUJX“ﬁSi}{;},S 0

ipo (16)

12€4yp0 P 217 Sz - (17)
TIPS A (18)
N46° 5,825} . (19)

The terms in the first two lines above can arise from a
quartic term (126)* and mixing between S and S. The third
and fourth line terms can result from the gauge-invariant
terms (126},126;)% and (126],120,)2, respectively. In
Egs. (16)—(19), all the sextet fields are written in a mass
basis. Equation (16) denotes three distinct operators corre-
sponding to i, j = 1, 2 with 5, = 1. Since M5 < M,
the dominant contribution to the neutral baryon-antibaryon
transition generically arises from the term corresponding to
711 in Eq. (16). Therefore, we consider only the S; induced
operators in the following.

Integrating out various color sextet fields from the
operators listed in Egs. (16)—(19) and their Hermitian
conjugate terms and using the diquark couplings evaluated
in Egs. (1) and (2), we find the following effective
Lagrangian that gives rise to the baryon-antibaryon oscil-
lation at the leading order,

3
Ly =3"¢0,+ He,

i=1

(20)

with

1 + " .
O, = L etmem(u€C1dgy) (uEh 1Sy (a Sty

apfy ~opn ( ACT ~— * Ct ~— % Ct — %
0, = ere /"(dagC lng)(d/}gC ldgu)(“ygc 1“;7CF)’

1
O5 = 5 ePe iy C djy) () C' ) (dSF € dfy).

(21)

Here, the quark fields are written in a physical basis. The operators O, and O, arise from the quartic terms Egs. (16) and (17),
respectively. The remaining terms, Eqs. (18) and (19), both lead to a single operator denoted by Os.

The coefficients c; defined in Eq. (20) are determined as

277“1}5 i kT Tk 416%' T * I T% ¥ % T 7% 8“% i * Tk T * T Tk
€1 _MéM‘; (Uch UdC)EF 15\/E(U”CF UdC)AB(UuCF UdC)CD+3\/E(UuCG UdC)AB(UuCG UdC)CD

8V2icoSo (1ri t e

- 15v3 (chF UdC)AB(UuCG UdC)CD ’

4i MmVs T K T T T T T T % T T
C2:15\/EM%M§<U%F i) ap(UgeFUge) ep(Uc F U L) s
ey = 2 (UL FU ) [%(UTF*U*) (ULF U)oy ——_ (iGrus), (UIGEU) (22)
3 M% act Y d°JEF 15\/EM‘§ u d)AB\Mu d)cp 3\/EM§ u d)ap\Yu d/cp |-
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Here, v, = (o) which breaks B — L by two units. The
unitary matrices U and U yc with f = u, d denote rotations
in the flavor space and they can be explicitly computed
from the corresponding quark mass matrices as described in
detail in [15]. It can be noted that ¢; and c3 receive
contributions from both 126, and 120,,.

To identify the above operators with the ones listed
in [45,46], we rewrite various quark fields in the left- and
right-chiral notations using the following relations:

w ' Cly = (w) e

e = (wr)are - (23)

Substituting the above in Eq. (21), we obtain

1 -
0, = 5eaﬂyem’((”RaA)CdRﬁB)((”Rac)CdRpD)((dRyE)CdRqF)v

0, = €aﬁy€6pn((dRaA)CdRaB)((dRﬂC>CdRpD)((MR;/E)C”RWF)’

1 [
0; = 5eaﬁyegprl((uLaA)chﬁB)((MLUC)CdeD)((dRyE)CdRqF)- (24)

For n-n oscillations, one substitutes A= B=C =D =
E = F =1 in the above expressions of O; and c;. In this
case, the operators O; and O3 can straightforwardly be
identified with O, and O; as listed in [45,46], respectively.
Our O, is proportional to Okgr defined in [46] which in
turn is a linear combination of the operators O, and O, also
defined in [46]. Explicitly,

1

02 - ZOIIQRR - (04 - 12(7)1) (25)

N | —

Notably, O, has vanishing nuclear matrix element [47]
while (7)1 has nuclear matrix element identical to that of O;.
Therefore, the operator O, is directly related to the operator
O, in our case. This leaves only two linearly-independent
operators, O, and Oj, as listed in Eq. (24).

The operators O, 3 need to be evolved from the scale of
sextet masses, namely y = Mg, down to ug =2 GeV,
where nuclear matrix elements are computed using the
lattice calculations. The noteworthy feature about the basis
in which O, 5 are written is that they do not mix through
renormalization group evolution. The mean lifetime of the
n-fi transition can be computed in terms of the effective
operators as

|
(0)

where y;” is the leading-order anomalous dimension of

(ny)

operator O; and a; " is the strong coupling constant with 7

flavors of the light quarks. We have y(lo) =4 and yg()) =0

from [46]. Using the lattice calculation results from [47] and
parametrizing the running effects as in [45], one finally finds

Mo) \*7 12
o1 =[0.760 M 1 ——c,
a,(10° GeV) 5

+ 1.08¢5| Abep.- (27)

The n-n oscillation time in the given model can be explicitly
computed by substituting ¢ 3 from Eq. (22) in the above
expression.

Note that (U3G*U%),, # 0 despite of G being antisym-
metric in the flavor space. This follows from the fact that
U, # U, in general, which in fact is necessarily required by
the realistic quark mixing. Therefore, the color sextet
scalars from 120y can induce nonvanishing contribution
to n-n oscillation.

V. PERTURBATIVITY OF THE EFFECTIVE
QUARTIC COUPLINGS

It can be seen from the expressions of ¢; in Eq. (22) that
the maximization of n-7 transition rate would require large
v, and at least two color sextet fields at the low scale.
However, this possibility is known to lead to large negative
effective quartic couplings for the light scalars [48]. It arises
from the correction induced by the trilinear terms which get
generated when o acquires VEV in Egs. (16)—(19). To
quantify the constraint on the masses of the underlying
scalars, we consider the first term, Eq. (16), and compute
the correction to the quartic coupling of X arising from the
diagram shown in Fig. 1.
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The effective quartic coupling, arising from a tree-level coupling 4 and the higher-order corrections, can be written as

—lﬂeff = —lﬂ + l5ﬂ (28)

04 computed from the diagram shown in Fig. 1, for the vanishing external momentum, is given by

d*p 1
A =4 niimat;ive / . (29)
]Zkl SURERIES | @a)* (p* = M) (p* = M5 ) (p* = M3,) (p* = M5,)
=ljju

A straightforward computation for i, j, k, [ = 1, 2 leads to [n11 |4 vh
ﬂ‘eff ~ - P 1 (32)

24n° M

.64 4 . !

TiE Inu [T + 2] 12222
v

o

+ 4|’712|2(|'711|211112 + |’122|212221)
+ (2lnia]* + 4Re[ny 1m0 mis ) 22, (30)

where the different integrals are determined as [49]
i 1
Liii = —=——1,
472 24M‘§’_
i M Mg 2ME M log(M5 /M)
iij 4”2 8M§l (Mgl _ ng)3 5

, i 1 M3, + M, 1 M3 )
b = — [e) - — .
T A A, - MG )\ M3, - M3, P\

(31)

1

It can be seen that all integrals divided by i are positive.
The only negative contribution to 64 can come from the last
term in Eq. (30). It is apparent that this term cannot cancel
completely the positive contributions coming from the
remaining terms. Therefore, 64 is always positive. For a
hierarchical Mg < Mj,, one finds

. )
\\\ Si ///
vt
Sy S,
A
5 >

FIG. 1. Diagram representing a typical correction to the quartic
coupling induced by trilinear coupling between three color sextet
scalars. The vertex denoted by the bullet point is a trilinear
coupling which arises from the VEV of B — L charged scalar o.

Since both A and A are required to be positive and
perturbative, the above leads to a constraint

v()’
Si = (2|Zlﬂlz|)1/4’ (33)
if My < v,. For My > v,, the above constraint does not
apply as X has to be integrated out first and the effective
theory below v, does not contain a quartic term for X.

It is straightforward to generalize the above discussion
for the remaining sextet scalars and their interactions given
in Egs. (16)—(19). Generically, two or more sextet scalars
coupled through B — L violating vertex leads to unstable
potential if they are all well below the B — L breaking scale.
To evade this situation, at least one of these sextets is
required to be heavier than the B — L breaking scale and
this in turn leads to relatively suppressed n-7 transition rate
in the models with high B — L breaking scale.

VI. BARYOGENESIS

We now point out a possibility of generating baryon
asymmetry using the color sextet scalars and their inter-
actions predicted within this framework. The mechanism
relies on the fact that the B — L violating interactions
present in the model can generate baryon asymmetry that
avoids washout by the electroweak sphalerons [50,51]. The
sextet scalars relevant for this are X, S, S (or Sy, in the
physical basis) and their interactions extracted from
Egs. (4) and (16) are summarized as
—L > Y3,dSICT' Sz + Y pe? ul C1dS, 7,

+ 1;j0Z7P S5y S 5y + Hee. (34)
The above Lagrangian contains all the necessary conditions
for baryogenesis [52]. It inherently violates P while CP
violation can arise from the phases in #;; as described in
detail below. The VEV of ¢ gives rise to B — L violation as
mentioned earlier. Departure from the thermal equilibrium
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d® .’
T R «
R uC
\\ dC \\
S5 g

FIG. 2. The tree and one-loop diagrams involving decays of the color sextet scalar give rise to CP asymmetry. The vertex denoted by
the bullet point is a trilinear coupling induced by the VEV of B — L charged scalar o.

is arranged through out-of-equilibrium decays of X in the
expanding universe as discussed below.

We assume the mass hierarchy My > Mg, > Mg > m,.
The relevant processes for baryogenesis, as can be read
from Eq. (34), are categorized as the following:

(i) B conserving: decay X — d$d$ and scatterings

X857 — dguCB, Su€ - S;d€ and d€, — S;u€p,

(ii) B violating: decay X — S;§; and scatterings

SiS; — dSdg, IS, — d,up,  S;dC, — S;dS,
Su§ — 8$:dCy and Td§ — S;uCy,
along with their CP conjugate and inverse processes.

Concentrating on the B violating decay modes of X, the

CP asymmetry in the decay £ — §;S7 is defined as

CT[Z - S8 -T[E - SS]]
‘i = S

. (35)

Nonzero ¢;; can be generated from interference between a
tree and a one-loop diagram which has an absorptive part.
These diagrams are shown in Fig. 2. We compute these
diagrams and find the leading order CP asymmetry as

_IBR[E- ;S]]

T "7;/|2

Xi/k
X —_—
(z; 1= xigg

where x;/, = M5 /M5 . Note that ¢;; = €;; as n;; = n;; in

€ij_

Im [ Te[YSTYSI]] +i < j) . (36)

Eq. (34). The total CP asymmetry produced in decays of X
is then given by

€ =€y + €+ 2, (37)

for the present case. The asymmetry generated between the
number densities of S; and S due to the out-of-equilibrium
decay of X gets further redistributed into the SM quarks
through the decays of ;. This happens at the temperatures

below the freeze-out of the asymmetry as My < My and
when §; leaves thermal equilibrium.
The final baryon-to-entropy ratio is obtained as

= ieﬂ (38)

Y )
P73,

where the factor of 4/3 is the total B — L quantum number
of the final states in the decay of X. g, is the effective
number of the relativistic degrees of freedom at the time of
decay. We have g, ~ 125 which include %, S ; and the SM
particles. x(K) is an efficiency factor which accounts for
the washout of the asymmetries due to inverse decays and
scattering processes listed above. K is a decay parameter
which is a measure of out-of-equilibrium condition and it is
defined as

K [[Z - §;87] 19
~aH(My) )
with Hubble parameter
12 T?
H(T) = 1.66g)* — . (40)
Mp

An exact value of « is to be obtained by numerically
solving the full Boltzmann equations as outlined in [20,53].
Nevertheless, an approximate analytical solution for x
exists which is suitable for the present setup. Assuming
the initial thermal abundance for Z, it is given by [54]

K(x) = xzj(x) <1 —exp [— %sz (x)] > @)

with
2.5
z5(x) = 2 + 4x"B exp [— —] ) (42)
x

The above solution of x takes into account the washout
effects only by the inverse decay and it is valid for K < 103,
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For K > 107, the scattering processes become more impor-
tant and x decreases exponentially. Note that for K < 1,
k(K) — 1 implies no dilution in the baryon asymmetry due
to washout.

We aim to show that there is enough CP violation
available through Eq. (37) in the present framework such
that it can account for the observed baryon to entropy ratio
Yy? = (6.10 £0.04) x 107!% [55]. For this, we first
find the maximum possible value of ¢ and then evaluate
the amount of damping permitted through Eq. (38)
requiring that ¥ > 6.0 x 107'°. Assuming #;; = |n|e%s
and BR[Z — §;S7]~1/4 for all i and j in Egs. (36)
and (37), we get (after some straightforward algebra),

1 /1
€= 2n (1 fjﬁjjj) [Ty 1Y) (sin(ga = 2z = )
_Sin(¢12_¢ll +¢y)), (43)

where ¢y = Arg(Tr[Y517Y%2]) is the phase that arise from
the Yukawa couplings. For x,/, < 1, maximization of e
leads to

1
€max = ; |Tr[YSITYSZ] | (44)

Substituting Y512 from Eq. (5) and using the fact that
Tr[F'G] = 0 due to symmetric and antisymmetric proper-
ties of F" and G respectively, we find

€max = E

1
sin 20Tr {GTG - l—OFTF} ‘ (45)

1292
For Mg, < My, one finds T[S — S8~ s

Substituting this in K and setting |r7;;| = |n|, we get

2 (10" GeV\?
K =107 x (e )7 ). e
107 GeV Ms

Using the above in k(K ), the baryon to entropy ratio ¥z can
be computed for a given value of ¢,,. Demanding that
Y > 6.0 x 10710, the allowed regions are shown in Fig. 3.
We observe that My cannot be much lighter than the scale
of B — L breaking as it leads to washout of the baryon
asymmetry through very large K.

The possibility of generating baryon asymmetry discussed
in this section utilizes the sextets from the GUT scalars of the
Yukawa sectors only and requires the presence of both 126,
and 1205. Alternatively, a similar mechanism also works if
only one of them is present. However, this requires an
additional copy of Z-like sextet which can emerge from
54-dimensional GUT scalar [19]. Note that baryon asym-
metry can also be generated through thermal leptogenesis as
the lepton number violation and right-handed neutrinos are
inherently present in the SO(10) GUTs [56]. The cases in

1016

1015 L

1014,

1013 L

Ms [GeV]

1012 L

1011 L

10 10" 10" 10" 10™ 10" 107

nlve [GeV]

FIG. 3. Values of My and |yj|v, excluded by Yz > 6.0 x 10710
for e, = 1077 (lighter gray) and e,,,, = 1072 (darker gray).

which the latter cannot account for the observed asymmetry
due to the absence of required CP violation in the lepton
sector and/or suitable mass spectrum and couplings of the
right-handed neutrinos, sextets governed baryogenesis dis-
cussed above can provide a viable alternative.

VII. RESULTS

We now discuss constraints on the mass scales of the
various color sextet scalars from the observables quantified
in the previous sections. Our emphasis is on the realistic
SO(10) models which are known to reproduce the observed
fermion mass spectrum. It can be noted from the discussions
so far that the various phenomena related to sextets involve
two important parameters: (a) the Yukawa couplings with
the quarks, i.e. the matrices F and G, and (b) the B — L
breaking VEV wv,. In the SO(10) models with minimal
choices for the scalars in the Yukawa sector, both (a) and (b)
are determined from the realistic fits to the quarks and
lepton masses and mixing observables [5,56—62]. Using the
results of the latest fit [56] performed for a nonsupersym-
metric SO(10) model with 10, and 126, in the Yukawa
sector, one typically finds

PRI E 0 »on
2 2
F~—| 2 2 21, G~—| =2* 0o 21,
a as
PR R B =20
(47)

where 4 = 0.23 is Cabibbo angle and we have suppressed
O(1) coefficients of each of the elements of F and G. Note
that the above form of F is taken directly from [56] while for
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G we assume that its nonzero elements are of similar
magnitude as those of F as observed in an earlier fit [57].
The parameters a, 3, with |a, 3| < 1 quantify the amount of
Higgs doublet mixing as discussed in [56].

v, 1s determined by fitting the light neutrino masses and
mixing assuming the dominance of type I seesaw mecha-
nism and it implies

v, = apvs = ay x 101 GeV, (48)

where v’ is explicitly defined in [56] and is found in the
range 10'* — 10" GeV. In addition to v,, F, and G, one
also needs unitary matrices, U ¥ and U <5 that diagonalize
the quark mass matrices My for f = u, d. They are also
determined from the fits in [56] and their generic forms are
given by

(I RE
Uy~ Uj~nUpe~Ug~| 2 1 2. (49
B2

Again, we have suppressed the coefficient of O(1) in
writing the above.

For the subsequent analysis, we consider two example
values for a, ; as the following:

(i) High-scale B — L (HS): a3 = A. This implies

A8 A7 20
v, ~ 10" GeV, Fe | A7 20 B,
2008 ¢
0 AT 0
G- o »|. (50)
-2 =¥ 0

Since a, 3 = 4, the lightest pair of the electroweak
doublet Higgs contains a sizeable contribution from
the doublets residing in 126 and 120,,. F and G are
required to be relatively small in this case. Note that
a, 3 cannot be taken much greater than / as in that
case contribution of 10y to the fermion masses
become negligible and it is known that 126, and
1204 alone cannot reproduce the observed fermion
mass spectrum [57].

(ii) Intermediate-scale B —L (IS): ay3 = 2>, This

leads to
AR
v, ~ 10! GeV, Fe | 22 2 2|,
21
0o 2B 2
G| -2 o 1. (51)
-2 -1 0

In this case, F and G can have relatively stronger
couplings with the fermions as the lightest Higgs
have suppressed contributions from the doublets
residing in 126, and 120,.
A low-scale B — L breaking VEV, corresponding to
v, < 10!, would require a, < A3 and it makes some of
the couplings in F nonperturbative within this class of
realistic models. Further small o, with perturbative values
of couplings in F implies that the charged fermion masses
arise dominantly from 105 and 1204. This has been
disfavored by the fits [57]. Alternatively, the above corre-
lation between v, and the Yukawa couplings can also be
understood as follows. The right-handed neutrino mass
matrix is given by M = v,F in this realistic model. The
order of magnitude of the elements of My is more or less
determined by the light neutrino masses induced through
the type I seesaw mechanism. This, therefore, implies
smaller F for the near-GUT scale v, and relatively large
F for intermediate values of v,.

Before we proceed to estimate the constraints on the
sextet scalars for HS and IS cases discussed above, let us
outline a model-independent limit on their masses from the
direct search experiments. The color sextets can be pair-
produced at the LHC from gluon fusion [63—65]. Unlike all
the observables considered in this paper, this process does
not depend on the couplings with quarks and, therefore,
provides a robust limit on the masses of the sextets.
Nonobservation of deviation from the SM results so far
implies [65]

Mg >1TeV. (52)

The other direct search methods, such as resonant produc-
tion and single-top production, depend on the couplings of
the sextet with quarks. They are known to provide relatively
milder limits for small values of the couplings [20,66].
Therefore, we consider the above lower limit and study the
other constraints in the mass range 10°-10'® GeV of the
sextet scalars.

A. Light X, S

First, we consider 1 TeV <My, Mg < Mgyr while
the remaining sextet fields stay close to the GUT scale.
Using |7;;| = 1 and @ = z/4 in ¢, given in Eq. (22), we
compute the neutron-antineutron transition time from
Eq. (27) for the high- and intermediate-scale B — L
symmetry as described above. The relevant Yukawa cou-
plings are evaluated using Eqgs. (49)—(51) which give

|(UjicF*UZzC)11| ~ U F Uge) |~ |(U16G*UZC)11| ~ 78,
|(UECF*UZC)11| ~ (U F Uge) |~ |(Uj;cG*UZ!C)11| = 2%,
(53)
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for the HS and IS cases, respectively. We also compute
contributions of X and §; to the meson-antimeson mixing
using the derived expressions, Eqs. (12)—(14), and impose
the constraints from Eq. (15). For the matching scale, we
use Mg = (My + My, )/2. The limits on My and Mg
arising from meson-antimeson and neutron-antineutron
oscillations are displayed in Fig. 4. We also indicate in,
Fig. 4, a region which disfavors simultaneously light X and
S due to nonperturbativity of the effective quartic coupling
as discussed in Sec. V.

As it can be seen from Fig. 4, either £ or §; can be
substantially lighter than the GUT scale in the case of high-
scale v,. The perturbativity of quartic coupling forbids both
of them from being lighter than 10'* GeV, simultaneously.
Feeble couplings with quarks allow TeV scale X or S; to
remain practically unconstrained from the |AF| =2 or
|AB| = 2 processes. For v, = 10" GeV, Mg, (My) can be
as light as 1 (10) TeV provided the other sextet is heavier
then v,. Light M , in this case, predict relatively faster
neutron-antineutron transition time in comparison to My as
can be seen from the right panel in Fig. 4. Overall, the
constraint imposed by quartic coupling’s perturbatvity
almost rules out the possibility of observing n-71 in near-
future experiments for both HS and IS cases.

Sub-GUT scale X ad S; can also account for the baryon
asymmetry of the Universe through the thermal baryo-
genesis as discussed in Sec. VI. The maximum CP
asymmetry obtained using Eq. (45) for the two cases
discussed above is found to be

HS B-L,
1014,
o
5
=)
g
S
2
7
(=]
=
on
o |
g |
m
10° 108 10™ 10"
Ms [GeV]

O(1077) for HS
€max = (54)
0(1072) for IS.

As it can be read from Fig. 3, the above implies

55
5% 101 GeV for IS (53)

{ 2 x 10'* GeV  for HS
e

such that Yz > 6.0 x 107'°, This region favored by sextet-
generated baryogenesis is also shown in Fig. 4. For the very
light S; and v, ~ 10'! GeV, this region can be probed
through improved measurements of n-7 oscillations.

B. Light =, S

Assuming |7,/ =1 in Eq. (17), we now assess the
constraints on light ¥ and S assuming the remaining sextets
at the GUT scale. Unlike S ,, S couples to the only up-type
quarks and mediates D°-D° oscillations at the tree level.
This puts severe constraints on the strongly coupled TeV
scale S§. The constraints derived from various consider-
ations are displayed in Fig. 5. It can be seen that the limits
from the meson-antimeson oscillations and perturbativity
of the effective quartic coupling imply no observable n-n
transition rate in the near-future experiments in the realistic
renormalizable SO(10) based models.

C.Light =, S

Next, we consider light ¥ and S with the remaining
sextets decoupled at the GUT scale. The results are shown

IS B-L
1014
— 1011 E
> e 5
o ‘ :
= &
= 108 7
=
(@)
o
g
5
10 : {
10° 108 10" 10™
M; [GeV]

FIG. 4. Constraints on the masses of X and S; for the high (left panel) and intermediate (right panel) B — L breaking scale. The red
regions are excluded by the most dominant constraint from the neutral meson-antimeson oscillations. The region shaded in orange is
excluded by the current limit 7,,; > 4.7 x 10% seconds [33]. The diagonal red lines, from bottom to top, correspond to z,; = 10'°, 10%,
and 10°° seconds, respectively. The yellow region bounded by the dashed contour is disfavored by the perturbativity of the effective
quartic couplings while the region shaded in green is favored by the baryogenesis constraints.
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HS B-L

10° 108 10" 10"
MZ [GCV]

FIG. 5.
details are the same as the caption of Fig. 4.

in Fig. 6. We set |n3| = 1 for this analysis and consider two
cases for the values of F and v, as discussed earlier. Unlike
S;, the electroweak triplet S mediate quark flavor-violating
interactions at tree level in the both up- and down-type
quark sector. This results in a relatively large upper bound
on Mg in the case of the strong Yukawa coupling. The
constraints from n-n oscillations and perturbativity of the
effective quartic coupling are similar to the ones obtained in
the case of light £ and §;. Sub-GUT scale £ and S alone
cannot generate baryon asymmetry and an additional copy
of X-like scalar would be required if viable baryogenesis is
to be realized in this case as discussed in Sec. VI.

10° 108 10" 10™

Ms [GeV]

IS B-L
1014
— 1
= 10
[
<)
2
= 108
10°
10° 108 10" 10™
MZ [GCV]

Constraints on the masses of Z and S for the high (left panel) and intermediate (right panel) B — L breaking scale. The other

D. Light X, §

Finally, we consider a case for 1 TeV < My, M3 <
Myt and the GUT scale masses for the remaining sextets.
Setting |n4] = 1, the obtained results are shown in Fig. 7. §
originates solely from 120 and it has flavor antisymmetric
couplings with left-chiral up- and down-type quarks. As it
can be seen from Y® in Eq. (5), its diagonal couplings
vanish for U, = U,. The latter, however, is not supported
by the nontrivial quark mixings. Hence, the effective
diagonal couplings are generated by the quark mixing
leading to a nonvanishing rate for n-nn oscillations at the
leading order. Like S| ,, S also contributes to the |AF| = 2

10° 108 10" 10"
Ms [GeV]

FIG. 6. Constraints on the masses of Z and S for the high (left panel) and intermediate (right panel) B — L breaking scale. The other

details are the same as the caption of Fig. 4.
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HS B-L

10° 108 10" 10™
Ms [GeV]

FIG. 7.
details are the same as the caption of Fig. 4.

processes at one-loop level. However, these processes put
stronger constraints on the light S in comparison to S as
can be seen from Figs. 4 and 7. This is attributed to the
relatively large Yukawa coupling of S due to different
Clebsch-Gordan factors. Overall, the constraints on the
masses of sub-GUT scale S and S are similar.

VIII. CONCLUSIONS

Scalars which transform as two index symmetric repre-
sentations of the SU(3). of the SM gauge symmetry have
been considered actively for their various phenomenological
applications in bottom-up approaches. We evaluate the
possibility of these sextets originating from the realistic
renormalizable models of gauge and quark-lepton unifica-
tion based on the SO(10) symmetry. Five distinct color
sextets are naturally accommodated in this class of models:
> ~ (6, 1,_—%), S~ (6, 1%) S~ (6,1, —%) S~ (6, 1,%),
and S ~ (6,3, —1). Deriving their couplings with the quarks,
we compute effective operators contributing to the electri-
cally neutral meson-antimeson and baryon-antibaryon oscil-
lations. The latter arises from B — L breaking induced by
VEV, v,, of an SM singlet field 6. We also evaluate the
effective quartic coupling of the sextet scalars which is prone
to receive large contributions from B — L breaking effects.

The noteworthy points from our present study are the
following:

(1) Four pairs of the sextets, i.e. 2-S, -5, Z-S and >-S,
can give rise to the lifetime of neutron-antineutron
transitions observable in near-future experiments
provided that both the sextets in a pair are lighter
than 10°-10% GeV. This possibility is almost en-
tirely excluded by the perturbativity of the quartic
couplings in the models with v, > 10'! GeV.

IS B-L

10"

— 11
= 10
(0]
<)
i)
= q08
10°
10° 108 10™ 10™
Ms [GeV]

Constraints on the masses of  and S for the high (left panel) and intermediate (right panel) B — L breaking scale. The other

(i) Observable n-71 oscillation along with perturbative
effective quartic couplings can be achieved if v, <
10® GeV and couplings of the sextets with quarks
are of O(1). However, this generically leads to
relatively light right-handed neutrino masses incon-
sistent with the type I seesaw mechanism in the
realistic SO(10) models.

(iii) For My > 10! GeV, S can be as light as of O(TeV)
while the masses of S, S, and S can be =10 TeV.
Similarly, for S, S, S, and S heavier than 10'" GeV,
My can be of O(10) TeV or heavier. The lower
limits on the masses of these light sextets come
almost entirely from meson-antimeson oscillations
and/or from direct searches.

(iv) SO(10) models with both 126, and 120 in the
Yukawa sector leads to the existence of a pair of
sextets, Sy, with quantum numbers identical to that
of §. X heavier than v, and S|, < My, in this case,
provides a novel and viable possibility of generating
baryon asymmetry of the Universe.

Many of the above observations follow from the fact that
the couplings of sextets with quarks and the B — L scale are
strongly correlated in the renormalizable class of SO(10)
GUTs and they cannot take arbitrary values as typically
assumed in the bottom-up approaches. On the other hand, a
positive signal of n-71 oscillation in near-future experiments
will rule out this simplest and predictive framework of
grand unification. This study provides an interesting
example of how a well-defined model in the ultraviolet
can lead to a restrictive class of new physics at low energies
making the former a falsifiable theory.

In the present work, our aim has been to study the
phenomenological constraints on the color sextet scalars
which have direct couplings with the quarks governed by the
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SO(10) grand unification. We do not discuss the constraints
on the scalar mass spectra which may arise from the full
scalar potential and requirement of consistent symmetry
breaking. A careful treatment of this requires the specifica-
tion of a full model beyond the Yukawa sector and it is a
highly model-dependent exercise. Nevertheless, availing the
freedom to choose a suitable set of GUT scalars and with an
appropriate choice and tuning of parameters in the scalar
potential, it is expected that the desired scalar mass spectra
can be realized in concrete models.
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