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ABSTRACT: Realistic models based on the renormalizable grand unified theories have va-
rieties of scalars, many of which are capable of mediating baryon (B) and lepton (L)
number non-conserving processes. We identify all such scalar fields residing in 10, 126
and 120 dimensional irreducible representations of SO(10) which can induce baryon and
lepton number violating interactions through the leading order d = 6 and d = 7 opera-
tors. Explicitly computing their couplings with the standard model fermions, we derive
the effective operators including the possibility of mixing between the scalars stemming
from a given representation. We find that such interactions at d = 6 are mediated by only
three sets of scalars: 7'(3,1,—1/3), T(3,1,—4/3) and T(3,3,—1/3) and their conjugates.
In the models with 10 and 126, only the first has appropriate couplings to mediate the
proton decay. While 7 and T can induce baryon number violating interactions when 120
is present, T does not contribute to the proton decay at tree level because of its flavour
antisymmetric coupling. Three additional colour triplets and their conjugates can mediate
nucleon decay via d = 7 operators which violate also the B — L. We give general expres-
sions for partial widths of proton in terms of the fundamental Yukawa couplings and use
these results to explicitly compute the proton lifetime and branching ratios for the minimal
non-supersymmetric SO(10) model based on 10 and 126 Higgs. We find that the proton
preferably decays into 7 KT or ut K° and list several distinct features of scalar mediated
proton decay. If the latter dominates over the gauge mediated contributions, the proton
decay spectrum provides a direct probe to the flavour structure of the underlying grand
unified theory.
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1 Background

Unification of the Standard Model (SM) gauge symmetries in simple gauge groups [1-3]
often implies the existence of a rich spectrum of the scalars beyond the electroweak doublet
Higgs. The latter is just one of the many submultiplets of an irreducible representation
(irrep) of the underlying unified symmetry group. The dimensions of these representations
are typically larger than the ones which unify, partially or completely, the SM quarks and



leptons of a given generation. This is particularly the case in renormalizable models in
which more than one type of Yukawa interactions are needed to reproduce the realistic
flavour spectrum including neutrino masses and mixing parameters [4-8]. For example,
in renormalizable models based on SO(10) Grand Unified Theory (GUT), one needs at
least two of the three, namely 10, 126 and 120, irreps for this purpose [9, 10]. They
respectively contain 4, 22 and 24 numbers of SM scalar multiplets with diverse colour
and electroweak charges, see table 1. Their non-trivial charges under the SM gauge sym-
metries and couplings with the SM quarks and leptons make them interesting from the
phenomenological considerations. Potential new physics effects of many of these scalars
have been explored in the context of the recent flavour anomalies (see for example, [11-
14]), muon g — 2 anomaly [15-17], some events at the direct search experiments [18-20],
GUT scale baryogenesis [21, 22] and precision unification of gauge couplings in the absence
of low energy supersymmetry [18, 19, 21-23]. All these require at least a few scalars at the
sub GUT scale.

Some of the scalars with non-zero B — L charges are capable of mediating baryon
number (B) and lepton number (L) violating decays of baryons [24-26] (see also [27-31]
for reviews) depending on their couplings with the SM quarks and leptons. In typical
bottom-up approaches, the freedom to choose their couplings is often exploited to avoid
dangerously fast proton decays. However, if these scalars are part of GUT multiplets which
also contains the SM Higgs like fields, their couplings are often the same couplings that
determine the low energy quark and lepton mass spectrum. Hence, there may exist strong
constraints on the masses of these scalar fields in these models from the stability of the
proton. Such constraints may then forbid them from being light from the perspective of
top-down approaches. Therefore, it is important to derive explicitly the exact nature of the
couplings of various scalars in the underlying GUT framework and their precise predictions
for the nucleon decay spectrum. Such an analysis has been carried out earlier for SU(5)
and flipped SU(5) GUTs in [32, 33]. We perform a comprehensive study for a class of
renormalizable SO(10) GUTs which has a relatively richer spectrum of scalars and more
constrained coupling structure for Yukawa interactions than those in SU(5) GUTs because
of a complete unification of quarks and leptons.

Scalar induced contribution to the proton decay has received less attention in compari-
son to the one mediated by vector bosons in GUTs. The latter has been extensively studied
including the flavour effects [34-37]. Firstly, this is because the vector boson induced con-
tributions dominate over the scalar mediated ones if the mass scale of both the mediators is
of similar magnitude as the latter are suppressed by the first generation Yukawa couplings.
The ratio of scalar to vector induced contributions in the proton decay width is naively
given by

Yu/ M
g/ My

MV>4 , (1.1)
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where ¢ is unified gauge coupling, ¥, is up-type quark Yukawa coupling and My,s are
masses of vector and scalar mediators, respectively. Therefore, scalar contributions becomes

significant only if Mg < O(10~%) My . Secondly, the scalar mediated contributions depend



on the Yukawa sector of the theory and are model-dependent to a large extent.! Many
of the important aspects of the scalar induced nucleon decays depend on the nature of
the mediator and its exact couplings with the SM quarks and leptons. These details are
not completely captured in the generic model-independent effective theory based anal-
ysis [25, 26].

This work is aimed to provide a complete classification of the scalar induced nucleon
decays in the models based on renormalizable SO(10) GUTs. Identifying various scalar
fields residing in 10, 126 and 120 which carry B — L current, we determine their explicit
couplings with the SM quarks and leptons with appropriate Clebsch-Gordan coefficients.
Interactions that can give rise to nucleon decays at tree level through effective dimension-6
(d = 6) and dimension-7 (d = 7) are then listed out and used to determine explicitly
the proton decay widths in terms of the fundamental Yukawa couplings. In the predic-
tive versions of these GUTs, the latter can be determined, partially or fully, from the
observed masses and mixing parameters of the quarks and leptons. This enables computa-
tion of the proton decay widths with less ambiguity in comparison to the effective theory
based estimations. We demonstrate this by estimating proton decays for the minimal non-
supersymmetric SO(10) GUT which uses 10y and 126y to account for realistic fermion
spectrum. The proton decay pattern is found significantly different from the one induced
by vector bosons in this case.

We give a complete spectrum of various scalar sub-multiplets which may arise in renor-
malizable SO(10) models in the next section and compute their couplings relevant for nu-
cleon decays. In sections 3 and 4, we derive effective operators after integrating out the
relevant scalars and give the explicit expressions of proton decay widths in terms of these
effective couplings in section 5. These results are used to compute the scalar mediated pro-
ton decay spectrum in a minimal model based on two GUT representations in the section 6.

Finally, we summarize in section 7.

2 Scalar spectrum and couplings

In the renormalizable versions of SO(10) gauge theory, the Yukawa sector, in general,
can consist of scalars which are 10, 126 and 120 dimensional irreps of the underlying
gauge group. These irreps, when decomposed under the SM gauge group, contain several
multiplets charged under B — L which can give rise to baryon and/or lepton number
violating interactions. The SM and B — L charges of these fields and their multiplicity in
10y, 126y and 120y are listed in table 1. We use convention in which,

41
B-L=-Y--X, (2.1)
5 5

where X and Y are the charges under U(1)x and U(1)y subgroups of SO(10), respec-
tively [38]. The hypercharge generator is normalized in such a way that the electric charge
Q=T3+Y.

!The vector boson induced contributions also depend on the Yukawa interactions through unitary rota-

tions which relate physical basis with the field basis. This dependency, however, is indirect and relatively
mild in comparison to the scalar mediated contributions.



SM charges Notation B-L 10y 126y 120y
(17 17 0) (o) -2 0 1 0
(1,1,1) s p 0 0 1

(1,1,-1) 3 —2 0 1 1
(17 L, _2) X -2 0 1 0
1,2, —%) D, 0 1 1 2
(1,2.3) De 0 1 1 2
(1,3,1) tab 2 0 1 0
3,1, -1 T -2 1 2 2

<(3, 1, 5) Ta §3 1 1 2
(3, 1, g) Ous -2 0 1 1

(3, 1, —%) o 2 0 0 1

(3.1,-3) o -2 0 1 1
31,4 T 2 0 0 1
¢ TR SO

(3.2.-4) Ao 4 0 1 1
(3, 9, g) Qo . 0 1 1

(3, 2, _g) a2’ —4 0 1 1

(3, 3, —%) Teo ~2 0 0 1
(3, 3, %) To, 2 0 1 1
(6, 1, %) a 2 0 1 1

(6,1,-3%) 58 -2 0 0 1

(6,1,-2) o 2 0 1 0
(6:1,4) S%, 2 0 1 0

(6, 3, —%) S ~2 0 1 0
8,2,1) og° 0 0 1 1

(8.2.-1) o’ 0 0 1 1

Table 1. Classification of different scalar fields residing in 10y, 126y and 120y with their charges
under the SM gauge group (SU(3)¢, SU(2)y, U(1)y), B — L charge and multiplicities in the given
GUT representation.



To derive couplings of these scalars with the SM quarks and leptons, we decompose
each of the SO(10) invariant Yukawa terms into the ones invariant under the SM gauge
symmetry. This is done by first decomposing the underlying SO(10) interactions into
SU(5) and then the latter is further decomposed in terms of the interactions involving the
SM fermions and appropriately normalised scalars. In the following, we use ¢, j,k,... to
represent SU(5) tensors, «, 3,7,... and a,b,c, ... to represent SU(3) and SU(2) tensors,
respectively. The three generations of fermions are denoted by A, B = 1,2,3. The irreps
of SO(10) are distinguished from those of SU(5) by indicating the former in bold.

2.1 16p-16p-10g5 couplings

The interactions of 16-plet fermions with 10y is parametrized by
— L3 = Hap16,,C7' 165104 + hec., (2.2)

where Hap = Hpa. C is the Lorentz charge conjugation matrix. For brevity, we have
suppressed the equivalent matrix in the gauge space while writing the above term. For
complex scalar 10y, one can also have an additional gauge invariant Yukawa term with
10}[. However, to derive the couplings of scalars with SM quarks and leptons, it is sufficient
to use one of these. The SO(10) invariant terms can be translated into the SU(5) language
following a procedure discussed in [39-41]. Under the SU(5) decomposition, eq. (2.2)
becomes

— £19 = i2v2H 4 (10;?710—15%»3@ + éeijklmloiﬁc—lm%m — 150—15i35i> +he..
(2.3)
All the SU(5) representations appearing above are defined in such a way that their kinetic
terms are normalized.
The SU(5) fields are further decomposed in the SM fields as the following. The fermions
residing in 10, 5 and 1 dimensional irreps can be identified with the SM fermions as
10°7 = 10 10%¢ = ¢, 10% = b @ | (2.4)
5o = d¢ Bu=ewl’, 1=19, (2.5)
where all the fermion fields are left-handed Weyl fermions. Similarly, the scalars identified
in 5- and 5-plet can be written as

5=T%, 5°=D%, 5,=Tys, 5a=D,. (2.6)

such that their kinetic terms are also in the canonically normalized form. Substitution of
egs. (2.4), (2.5), (2.6) in eq. (2.3) leads to the following terms involving B — L charged
scalar fields.

1
—511/0/5 D i2V2 Hap (uﬁ} c1 6% - Qﬁaﬂw €ab Q?iaT ct ng) T" +h.c.,
L5 S 0B g (e uST c71dSp — eapq}t T €7 G) Ty + hc.. (2.7)

Consequently, both 7" and T have diquark and leptoquark couplings and each can mediate
B and L violating decays of baryons.



2.2 16p-16p-126f couplings

The 1264 has a very rich scalar spectrum. The Yukawa Lagrangian involving this field is
written as
— L3 = 5165 C 1165126 + hoc., (2.8)

where Fyp = Fpa. In the SU(5) notations, the above Lagrangian can be written as [40]

£126

2 L _ .

T l 1hctiplo+ 14 C7110310;; — 5L, 0155 15%
3 _ )

_\/g <1£ C 1555 + 24%,% 1097 ¢ 104 5m)

+1OZT071 gkggfj

€ipim 1097 C7L10% 505 | he..  (2.9)

1
43
The first term above does not involve the SM fermions. Similarly, the second term gives
rise to lepto-quark coupling with only the SM singlet leptons which are typically heavier
than the nucleon. Hence, both these terms are not relevant for the proton decay.

The 126 contains a 5-plet of SU(5) whose decomposition is given earlier in eq. (2.6).
Using this and the second line in eq. (2.9), we get

1
P 5 2 B (T O G e e O g T e (200

Since 126y has more than one color triplet fields, we distinguish them by assigning a
subscript. Decomposition of 15-plet into the normalized irreps of SU(5) is given by

1
ﬁAw’ 15% = ¢ob (2.11)

8 (%) is color sextet (weak triplet) and has only diquark (dilepton) couplings. Therefore,

1598 = xe8 1500 =

they do not contribute in the proton decay. The color triplet weak doublet field A*® has
Y =1/6 and its couplings with the SM fermions are obtained as

56 2
£ 5 02 Papen dSF O 5 A 4. (2.12)

A% has only the lepto-quark coupling and hence it cannot induce proton decay by itself.
Next, we consider E—plet which decomposes into various irreps of SU(5) as:

1 — — 1
A7 = ’Y L —
_ 1 — 1
45§a = 705{ —|— F(SOZD 45ab = ﬁeabTﬁ’

. 1 — . 3
452& = 7211‘(;& 452!7 = - \[

~ L sT V3
V2 22 " 2/2

The SM and B — L charges of these fields are listed in table 1. All the fields other than Gfm
and D, carry non-trivial B — L charges. However, S;ZB couples to the quarks only while

(6:Dp — 5Da) . (213)



gﬁ = (3,2,7/6) has only lepto-quark vertex. The couplings of the remaining multiplets
with the SM quarks and leptons are obtained as

_ 5 B
—E;,26/45 D iy 1 Fap {(60‘57 uSh C7 dSp + ea ot l’]g) T,
+2e57 07 S T + 260 g3 O Toy | + . (2.14)

Note that the chromo-weak triplet Tf, and Y = —4/3 color triplet 7 also have only
lepto-quark coupling at this stage. This, along with quark-quark couplings arising from
120y, can induce the nucleon decay if there exists a mixing between these scalars in the
underlying model.

Finally, the coupling with 50-plet of SU(5) can be computed from its following decom-
position:

50257 = 1 (0508 = 6587) T7 + (5507 — 5307 ) T° + (9583 — o583 ) T
1

ap 6
5050 = 5 7 (6200 + o500 + 67977
1
Ba — B B B B
N (5505 — 5505 + 5505 — 8505°)
1 1 1
50277 = Q—ﬁeaﬂweabX, 502 = %ngja + Eég (5§‘Tﬁ — (5?T°‘) :
1 1 o _
55 = 5oy, 05 = 5o (00057 - )
aab — 1 b aa a yab aab 1 a cb a cb «
NG (st0g —o205),  s0gft = g (6204 — 6302) T (2.15)

It is straightforward to see from the above decomposition and eq. (2.9) that the B — L
carrying fields Sg, and Sgg “ couple to quarks only while the ﬁgﬁ has only a lepto-quark
vertex. Similarly, X couples to the leptons only. As a result, only T can contribute to
the nucleon decays. The corresponding couplings are given by

T ) _ 1 -
— £;26/50 D —i—=Fup (U(JE Clef + 5 CaBy Cab g c! ng) T} +he.  (216)

3v5
2.3 16p-16p-120f couplings

Finally, consider the Yukawa interactions with 120y as

—£3?° = G416 C711651205 +h.c., (2.17)
where Gap = —Gp4 is anti-symmetric coupling unlike the previous cases. One can also

have a similar but independent couplings with 12OL if the latter is complex scalar. Under
SU(5), the above can be written as

2 _ . . o _ ..

iy, L =Gz | - 21507 15,55" — 109" C 15,55, + V251,015,107
o 1 - . L

—v214,c7110%10,; - Z—ﬁeijk,m10fc*10§”45’:f + \/55510*1103;“45;4 +h.c.

(2.18)



The coupling with 5-plet involves only the SM singlet leptons. Using the decomposi-
tions of 5, we find that

— 2 —_
—L320P 5 ~i—z Gap (e ulh ¢ dSp — e gl CTH) Try +hc.. (219)

Like in the case of 126, the 10 belonging to 120 also couples to ¢ only and hence does
not play any role in the nucleon decay. The 10-plet can be decomposed as

1
V2
Apparently, § couples to the leptons only. The field A®® has the same quantum charge as

the one in eq. (2.11). As it is evident from eq. (2.18), A and © couple to the right-handed
neutrinos. The interactions with A%® and @aﬁ are obtained as

2

V3

The first term is similar to eq. (2.12) which has only lepto-quark couplings. 6" has only

10015 — @aﬂ7 102 — Aaa’ 1Oab — eabg‘ (220)

120/1 .

Gap (2eadSh CTM B A — V2dSE TS50 ) +he. (221)

the diquark couplings. Therefore, none of these scalars residing in 10 and 10 can induce
proton decay through d = 6 operators. However, they can contribute to B — L violating
decays of nucleon as we discuss later.

The couplings of remaining fields residing in the 45- and 45-plets can straightforwardly
be computed using the decomposition already given in eq. (2.13). We find

2 —
— L1305 5 i~ Gas (2ulf Tt eG T+ e ulE O UG T,

V3

+ €apry €ap ¢3°T C71 qgc T — enp, €57 C71 gl §:5> +h.c.. (2.22)
J— . 2 _ _ o
_,C;l/20/45 D) —Z% GAB |:(EOC’B’Y ’u,g}; C 1 d/gB + €ad arT C 1 le) TZ'Y

+2e547 CTN G T + 20 q3" O p Taq
— Py 18 Ot ugB ZB} +h.c.. (2.23)

Note that the triplet residing in 45 of SU(5) does not couple to the quarks because of
flavour anti-symmetric couplings. Moreover, unlike in eq. (2.14), the fields 7 and T§*
have quark-quark couplings. Their conjugate fields have lepto-quark couplings. QZ,B and
its conjugate partner have only the lepto-quark couplings and therefore they do not induce
d = 6 operator but contribute to the d = 7 operators.

All together the couplings in egs. (2.7), (2.10), (2.14), (2.16), (2.19), (2.22), (2.23)
determine the amplitude of nucleon decays in the most general renormalizable versions of
the SO(10) GUTs. The noteworthy features are:

o Out of the six pairs of colour triplets with different electroweak charges (see table 1),
only three pairs have couplings suitable for destabilizing protons at the tree level
through d = 6 operators. They are T-T, T-7 and T-T. The remaining three pairs,
namely 0-0, A-A and Q-Q can induce nucleon decay through d = 7 operators.



o If the underlying model does not contain 120y then nucleon decay is induced only
by pair of colour triplets T, T with |Y| = 1/3. The 10y contains a pair of such
fields while 126 contains a pair and additional 7. While the other two triplets are
present in 126, they have only the lepto-quark couplings. Moreover, A together
with T can also induce nucleon decay through B — L breaking.

« In the presence of 120, the nucleon decays can also receive contributions from 7-T
and T-T. These fields can contribute by themselves as well as by mixing with the
fields of same charges residing in 126 in the models in which both 1265 and 120
are present.

The results obtained in this section can also be used to derive the couplings relevant for
proton decays in the most general renormalizable SU(5) GUT models.

3 Dimension-6 effective operators

We now compute the leading d = 6 effective operators relevant for the B and L violating
decays of baryons by integrating out the relevant scalar fields. We treat each case of 10y,
126 and 120y separately and comment on the possibility of mixing between the scalar
fields at the end of this section.

3.1 From 10-plet

The contribution to the nucleon decay in models with only 10z arises from a pair of color
triplet and anti-triplet, 7' and T, as can be seen from eq. (2.7). The most general mass
terms for these triplets can be written as:

w3 TV + m2T'T + (i TT + hec.) (3.1)

where the first two terms can originate from SO(10) invariant combination 10TH10 p and
the last term from 10% [42]. In general, mp # mz as the mass splitting can arise if the
model also contains 455 and/or 545. Because of the presence of the mixing term, the
physical states are different and can be obtained by the following replacements:

T = TcosOp +T sinfp, T — T cosbp —T*sinbr, (3.2)

Here, the mixing angle is obtained from eq. (3.1) as

2 2
tan 29’]‘ = % . (33)
mZ — my
With the above replacements, eq. (3.1) becomes
METIT + M2T'T. (3.4)

Substituting eq. (3.2) in eq. (2.7) and integrating out the physical triplet and anti-
triplet, we obtain the following effective Lagrangian relevant for B violating baryon decays



after some straight-forward algebraic manipulations:

2 2
C S *
£10 =g (T + T) HapHLp, P ul 0 dgp el o)

2 &
+8 ( °T ) HABHT ] uggc_lng (eTCC u

1
M2+M2 D_VCC d )

Y

1 1
+88TCT (W — M2> HABHCD Ea,B’Y uaczgc_lng ech—lugD
T
t8srer [~ — — ) HapHZp, €@ ol ¢ gy (0 uyp — vECT )
M% M2 Y Y
+h.c., (3.5)

where c¢p = cosfp and sp = sinfp. We have used the identity ct=cT=Cc"1=—-Cin
determining eq. (3.5).

The effective operators in the physical basis of fermions can be obtain by replacing
f — Usf in the above £12. The unitary matrices Uy and Usc (with f = u,d,e,v) can be
explicitly computed from the corresponding fermion mass matrices. In the physical basis,

we get
LY = hlua,dg, ¢S, uf) PV ul " dgg el 07 il

+h[u§, dS, ec,up] 60‘57 uSt o~ dC CC ! ulp

+huG,d,ve,dp) P ull C dSp Lo Y

+h G, d%, s, u) P ult O~ dc CTC gD

+h [ua,dp,ec,up] aﬂMZQAC ngeCC' UyD

+h[ua,dp,ve,dp) €8 UZ;A c! dsp Vg c! dyp +h.c., (3.6)
with

cy T T *
hlua,dp,e&,up) = 8 <M2 + M2> Yu HUd) (U@CHTU“C)CD ’

h[ugadg7607uD] =38 <M2 + M2> (

Ul HU e ) ap (UTHTUZ) op

2 2
c 4C ST cr T *
hug,ds, ve,dp] = —8 (_A 2t %) (chHUdc) AB (UJHTUd) oD,
1 1
C T
WG, d$, e, uf) = 8srer (M% - M%) (chHUdc) AB (U H UD) oD,

1
/ _ . T T 17T
W(ua,dp,ec,up] = 8srcr <% 2) (U HUd) (Ue H UU>CD ,
1 1
/ — - T T 7T
Wlua,dp,ve,dp) = 83TCT< > 2) (U HUd) (UVH Ud)CD .37

In the absence of mixing term between T' and T (i.e. f7 = 0), all K’ = 0. Moreover, the
coefficients of the first and the next two operators become independent from each other.

~10 -



3.2 From 126-plet

Unlike in the case of 10p, the color triplets and anti-triplet do not mix with each other
in this since (126)? is forbidden by SO(10) gauge symmetry [42]. The triplets residing
in 5 and 50 belonging to 126y can mix with each other in general but such a mixing can
arise from the gauge invariant interactions with other fields and hence is model dependent.
Further, as noted earlier, 7% and Tza have only the lepto-quark couplings. Therefore,
the effective operators relevant for the nucleon decay take simple form in case of 126y.
Integrating out the triplets and ant-triplet from egs. (2.10), (2.14), (2.16), we find

o 2 1 2

126 _ i T ~—1 CT~—1,C *

=5 (v~ g ) oo 7 B el
1 2

2 1

T 9 A2

15MT

(3.8)
FABFgD Rl uggC_lng (eTCC_lu;D - VEC_ldiD) +h.c.,

where M7, and M= are masses of triplets T; and anti-triplet T, respectively.

In the physical basis, the above can be rewritten as

_ ) o
’Cgf%(i = f[UA, dg, eg? ug] eaﬁ'y ug;A C ! dﬁB eg C ! u’?D
+ S, dF, e up) T ulf CTV G el Ok

+f[ug7 dgv ve, dD] eaﬁ’y Ug}; c! ng Vg c dikyD + h.c., (39)

with
flundp,eCu§) = 2 (L _ 2 (vfrv,),  (UlFUL)
A,UB, €, Up 45 7‘[%1 7‘[%2 u d AB eC e CD’
2 1
¢ 4C _ T Tty
flua,dg,ec,up] = 5 M% (UuCFUdc) AB (UeF Uu) cD,

f[uS,d5, ve,dp) = =~ (Ule FUs) a (USFTU;) op. (3.10)

!

The structure of these operators is same as of the ones obtained in case of 10y with
a noteworthy difference of relative factor between the contributions mediated by color
triplets and anti-triplet.

3.3 From 120-plet
Since (1205)? is a gauge invariant, T' € 45 and Ty € 45 can have a mixing term. Similarly,

T and T$“ can mix with their conjugate partners appearing in egs. (2.22), (2.23). Adopting
the similar procedure discussed in the first subsection, we obtain the following operators

- 11 -



after eliminating the different colour triplet scalars:
120 _ 4 1 02T ST T _apy 1,C T 1
L12 = — | GapGlhpe ST C Sy (b Oty — vh O )

8 1 1
+-srer (]\42 — ) GABGCDﬁaﬁ’YUS’Z;C_ldg et u'yD
T

2

3 ]\4T2
8 1 1 -1,C _CT~—1,C
—§5TCT (ZW’QF - M,?’) GABGCDeamu Tc 1uﬁBecTC' ldvD

8 1 1 _
— = STCT T2 e GABGCDG BvebcedaquC ll%qggC lqu + h.c. (3.11)
3 MZ M2

Here, 7, 07 and Ot are angles which parametrize mixing term between 7-T', T-T and T-T,
respectively, in an analogous way to eq. (3.3). Since T" has only the lepto-quark couplings,
its contribution to the nucleon decays arises only through the mixing term.

Using the Fierz rearrangement

(070 ) (W5 C M) = = (wT € "4s) (W70 M) — (W] "ebn) (v5CMuin)
(3.12)
we rewrite the operator given in the third line in eq. (3.11) as

GapGep e ull C ' ufpec” O dSp = 2GapGep P ulh C 1 d5ped” C 1 uSp

(3.13)
where we also use Gap = —Gpa. Further, using €p.€4q = 0pgdca — Obadeq and eq. (3.12) the
fourth operator can be simplified to

GapGope™eycean gy C 11l ch cC M p
= — (GABGCD — QGADGCB) ofy uaA C_l ng eg C_l U
— (GaGep —2G AcGBD) By UZ;A c! dgp I/g c! dyp . (3.14)

Substituting egs. (3.13), (3.14) in eq. (3.11) and using the physical basis for fermions,
we get

L& = gluf. df,ec,up) 7 ulE O dGp el O
+g[uf, d§, ve, dp) P ul Tl dfp vl CT
+g [uA7dB7eC7uD] EO{B’Y CTC dC CTC ’?D
+g [UA,CZB,@C,UD] h uaAC dﬂB 600 ! U~yD
+¢'[ua,dp,ve,dp) € ul, 0V dgpvE 0 d,p +hec., (3.15)
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with

4 1 c2 52
glu§. 5. ec.up] = 3 ( T T) (U2cGUc) as (ULGTUY) o,
4
3

T T
¢ gc 1 cr st T ttrr
gluz,dg,ve,dp) = — 22 2 (chGUdC> AB (U,/G Ud) cD,
T1 T T

8 1 1
g[u§. d5, e6,uf] = Ssrer (M% - M%Q) (UkGUe ) an (UGUc) op

_137687—67- (J\;% - J\/}2> (UchU“C)AD (Ug;GUdC>CB ’
T

¢'[ua,dp,ec,up| = gsqrcqr (]\;12, - ]\2?) [(U;FGUd)AB (UeTGUu>CD
-2 (UEGU“) AD (UgGUd)CB} ’

g'lua,dp,ve,dp] = %8?6@ (]\Z% - ]\2%) [(UgGUd)AB (U,TGUd)CD

~2 (U GU,,)AC (vf GUd)BD] . (3.16)

The structure of effective couplings ¢’ are very different from h’ due to additional contri-
butions supplied by the new triplets.

Altogether, the operators listed in egs. (3.6), (3.9), (3.15) quantify the B and L vio-
lating but B — L conserving baryon decays mediated by scalars residing in 10, 126 and
120y, respectively, where we have also considered the possibility of the mixing between
the various scalars arising from the given representation. In general, the scalar fields of
the same SM charges belonging to different GUT representations can also mix. For ex-
ample, in the models with at least two of these scalar representations, different triplets
and anti-triplets can mix and the lightest pair would be a particular linear combination of
them. Since the contribution of the lightest pair is expected to be the most dominant, the
operators obtained by integrating out this pair would be the most relevant in quantifying
the proton decays. In general, such operators can be obtained with coefficients which are
linear combinations of the relevant h, f and g, for example. However, the exact quan-
tification of these mixing depends not only on the specification of the Yukawa sector but
also on the full scalar potential of the underlying model. Therefore, this exercise is highly
model-dependent. Nevertheless, the results obtained above can straightforwardly be used
to compute proton decay in specific models in which mixing between the various triplets
and anti-triplets is deterministic.

4 Dimension-7 effective operators

In the previous section, we consider the leading order d = 6 operators which violate B and
L but conserve B — L. A new class of operators which violate B — L by two units arise at
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d =7 [43, 44]. Such operators are induced by quartic couplings involving the SM singlet
field o, one of the electroweak doublets and two color triplet fields. Using the fields listed
in table 1, the following invariants can be constructed for this kind of quartic term:

oDT*A 4, 0D Ty AY; (4.1)
0D Q507 00,670 5; (4.2)
JD“@aﬁAwbeaﬁveab, aﬁa@aﬂ&beaﬂ%ab; (4.3)
UDaZangb, UEaAabTZb. (4.4)

When ¢ acquires a VEV, B — L symmetry is broken and the above quartic terms can give
rise to d = 7 operators involving four fermions and a Higgs doublet. After the electroweak
symmetry breaking, this generates effective four-fermion operators with A(B — L) = —2.
Because of the latter, they give rise to novel decay channels for the proton and neutron [21,
22].

The quartic terms listed in eqgs. (4.1)—(4.4) can arise from various SO(10) invariant
combinations of the scalar irreps, for example (126 )%, (126)?(120y)?, etc. Such a term
must contain atleast one 126y (or 126 ) as a source of o while the electroweak doublets
can come from either of 10, 126 or 120y. Various triplets appearing in eqs. (4.1)—(4.4)
can come from 10z, 126, 120 or even from the scalars like 126 which are not part of
the Yukawa sector. Although the latter does not directly couple to quarks and leptons but
can still induce nucleon decay by mixing with the scalar sub-multiplets residing in 104,
1265 and 120y. The determination of exact operators in this case, therefore, requires
complete specification of the scalar sector of the underlying model beyond the ones which
take part into the Yukawa interactions. As we remain agnostic about the complete model
in this study, we perform the subsequent analysis assuming that the color triplets fields in
eqs. (4.1)—(4.4) arise from either of 10y, 1265 or 1204.

4.1 From 10-plet

The generation of d = 7 operators requires presence of atleast two different kinds of color
triplets as it can be seen from eqs. (4.1)—(4.4). Since 10y contains only one kind of color
triplets, it cannot give rise to such operators at the leading order by itself.

4.2 From 126-plet

As it can be seen from table 1, 126y does not contain 8" and T3*. Among the remaining
fields responsible for generating d = 7 operators, ©,5 and A, reside in 10 of SU(5) which
couple to the RH neutrinos only, see eq. (2.9). Moreover, A*?, ﬁfjﬁ and T, have only the
lepto-quark couplings. Therefore, only the second term in eq. (4.1) can induce the required
operator. Using egs. (2.12), (2.14) and integrating out A®® and T\, we get

126 4)\1)0

L _ _ e
T I5ME M2

FipFsp e e®Doyull ¢ dS5" 1o 71 Sy  +he.,  (4.5)
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where A is a coupling of the quartic term and v, is the VEV that breaks B — L. The above
can be identified with operator Oy listed in [22].2

After the electroweak symmetry breaking, the above operator reduces to d = 6 operator
containing three quarks and a neutrino field. In the physical basis, it can be parametrized as

L% = Jlu§, G, ve, d5] e ugh 7 dfp vl 071 dp + b, (4.6)

with

A vy

ZoC o C c
flua,dp,ve,dp) = _W

(U;FCFUC,C)AB A FUdc)CD : (4.7)

where vz is a VEV of D residing in 126.

4.3 From 120-plet

In comparison to the previous two, 120y offers more variety of d = 7 operators because
of the mixing term allowed between various scalar sub-multiplets and their conjugates.
All four invariants listed in eqs. (4.1)—(4.4) give rise to B — L violating operators. Using
egs. (4.1)—(4.4) and couplings for various triplet fields evaluated in section 2, we find the
following leading order operators after some straight-forward computation:

8\
£12O — o
eff 3

( 1 CACT ) SAST ] .
MAMZ T ARMZ ) T NEZME
GHpGep e e Dyl 071 dSs" if 71 dS"
_4\/5)\@0 ( coco 5050
5 \M2ME T MZMZ
S (zwiﬁg ) M§ﬁ> CanGop e Dadyh O di" eG" O™ i

+8\/§)\vg ( cocCA SOSA
3 M%Mi Mé]\ﬁZ

) GZBGED 60[6"/ Eab ba dgj% C_l ng* ZZC C_l ’U;gD*

) GHpGep e DU dS 7 dSy T 71 dSy”

8A\v, CTSA STCA . 1 o« _
3 <M2M%§ - M3M2 GiapGop € D" gy O qhup 16 O 5
A T
+h.c., (4.8)

where ¢, = cosf,, s, = sinf, and 0, is the angle denoting the mixing between x-x fields
analogous to the one defined earlier in egs. (3.2), (3.3). The operator in the first line in
eq. (4.8) can be identified with Oy, second with Oy, third with Os, fourth with Og and the
last with operator Oy as listed in [22]. Note that the operator O3 does not arise as coupling
of T with pair of quark doublets are forbidden by flavour anti-symmetry of G.

2Note that we have assumed absence of 126y which forbids T-T mixing as it was also the case while
deriving d = 6 operators earlier. If such mixing is allowed, one also finds an operator similar to Os given
in [22].

~15 —



Using the Fierz rearrangement, eq. (3.12), the operator in the second line of eq. (4.8)
can be expressed in terms of the one in the first line. Once the electroweak doublets
acquire VEVs, the four-fermion operator arising from eq. (4.8) in the physical basis can be
parametrized as the following:

£12O

glug. dS, ve, dple*uSi C df vl C1dS),

+3'[dS, d%, ¢S, dple*®dS 0 dS 5T
+§[dS, d%, ec, d5)e*?dST O~ 1nge£c—1d$D

+5[ua, d, ve, d5)eul , 7 s prEC~dS),

+3'[da, dp, ec,dS)e*®d] , O s pel O, + hee,, (4.9)

with

3[ug,d%, ve,d%) =

AV, v 1 n CACT n SAST
2 3712 2 3712 2 172
3 MAMT1 MAM@ MKMT

8V2\vovy [ cocq 5050 T T
* 3 <MéMg22 " MEMZ (U” GUuC)CA (UdCGUdC)BD’

W2 vevp [ cesa 56C0 t o T
7'ld4,d5, ¢, dp] = 3 (MéMs% - MEMZ (UdCG dC)AB (UeCGUd)CD
8V2X\v,up [ coca 505A T T

3 (MéMg - MEMZ (UdCGUdC)AB (v GUdC)(;D’

8A\v,v crs stc
ot cr_ +UD TSA  STCA t v T
§'[ua,dp,ve,dp] = 3 <M2M712‘ M2M112‘> (U G Ud) <UV GUdC)CD’

(U CGUdc)AB (UZ,T GUdc)CD

g[dgv d%7€Ca d%] =

§/[dA dp. ec dg] _ _8)\UUUD < CTSA STCA

3 \MEMZ MiM%) (UTG*Ud) (UeT GUdC)CD‘ (4.10)

As in the earlier case, primed and unprimed coefficients are defined in such a way that all
the g’ = 0 there is no mixing between the different scalars and their conjugate partners.

In summary, the operators listed in eqs. (4.6), (4.9) quantify the B, L and B — L
violating baryon decays mediated by scalars residing in 126y and 120y, respectively, at
the leading order. Like in the previous section, we have considered the possibility of the
mixing between the various scalars arising from the given representation. It can be noted
that the masses of T, T, T and T are already constrained by the leading order d = 6
operators considered in the previous section. The B — L violating decays of nucleon can,
therefore, provide lower bounds on the masses of A, A residing in 1265 and A, A, O, O,
 and  belonging to 1207 depending on their couplings with quarks and leptons and the
scale of B — L breaking.
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5 Nucleon decay partial widths

In this section, we give explicit expressions of the proton decay widths in various channels
evaluated from the derived effective operators.

5.1 B — L conserving decays

The d = 6 operators listed previously in egs. (3.6), (3.9), (3.15) can be parametrized in
terms of the following six independent operators:

Lo = ylua,dp, e, uf] e ul, C 1 dsp egTC ! (ij*
+yluf,d5, ec, up) € o, uls 01 df, BeC c g
+y[u§,d§, ve,dp) e uSE C dS vl 07z
+y'[uf, d, e, up] € ugk O™ dggec O ulp
+y/[ua, dp, ec,up] € uly O dgp el C™ uyp
+1/[ua,dp,ve,dp] €PVul, C71 dgp vh ot dyp +h.c., (5.1)
where y = h, f or g if a single GUT scalar representation is considered. y can also be
a linear combination of h, f and g when more than one scalar fields are considered as
discussed in the previous section. These operators match with the most general dimension
six operators derived from effective theory [25, 26] but now the coefficient can be explicitly

computed in terms of fundamental Yukawa couplings of a given GUT model.
To write the above operators in the usual left- and right-chiral fields, we use

Y=1r, v°=Cup, (5-2)
where C' = —io? in Weyl basis. This leads to
WTC = @) v, v TN = Wn) xr, (5.3)

where W = TC~!. Using the above identities and WX = XTw, the baryon number
violating operators listed in eq. (5.1) can be brought into the following convenient form:

C

Lot = ylua,dp, eS,uf] €7 (dgpr)C tuaar (uypr)C ecr

+y*[uG, d%, ec,up] €7 (dgpRr)C Uaar (uypr)C

+y*[uS,d%, ve, dp) €Y (dspRr)C uaar (dypr)C
+y* G, d5, €S, uF)] € (dgpr)C uaar (uypr)C
+y/'[ua, dB, ec,up)] €7 (dgpr)C taar (uypr)

C
—H/[uA, dB, Vo, dD] 6&67 (dﬁBL)C U AL (d»yDL)C vor + h.c.. (5.4)

€CL
vcr

€CR

€CL

where y*[A, B,C, D] = (y[A, B,C, D])" and the same for y/'.

All the operators listed in eq. (5.4) violate both B and L but conserve B — L leading
to decays of baryon into meson and anti-lepton. The hadronic matrix element between the
baryon and meson states can be computed using the chiral perturbation theory [45, 46].
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Using the results from [47], one finds the following expressions for the partial decay widths
for the proton decaying into various mesons [28]:

2 2 \2 2 I
+ 0 (mp—mﬂ.o) 9 1+D+F I C
F[p%e 7T] 327ngf7% \/5 (‘ayuladla €; ,U1]+By [u1>d ul]‘
2
+ ’Oéy*[’u?,dlcaeum] +5y/[u1,d1,6i,u1]’ )7
Tlp — vrt] = (my = me)” s (1+D+F) \ay*[uc 4 viydy] + By fur, dy iy ]|
327rm3f2 g 1,41, 01 1, @1, ¥4, A1)}
(m2 —m2)% 17 _ 2
T = e/ K% = == A% [ — Ot (D = P (G- )|

‘CL1+CR1+ (D F)(cgﬁcgl)u,

2

—+_(mp TrLKi 2 2Dmp v D+3Fﬂ v 2
Lp—»7K"] = —327rm3f2 Z ‘ — —Cr +(1+ 3 mp Crail »
2 242
fo o =) ol A ey oo |
. s 2
+ ok - D+3F) 207, (5.5)
where

CE = ay*uf,dS e, u1] £ By'[ur, da, ei, 1],

C}%Z = Oéy[Uth, Z 7u1]iﬁy/*[ul 7dg7 zcau?]

CZ].Z' =ay [ul 7d2 7Vi7d1] +By [u17d27yi7d1]7
CYo = ay*[uf,d¥ v, do) + By [ur, d1, v, da) . (5.6)

Here, my denotes the mass of hadron H (H = p,7°, 7%, K%, K*,7), mp is average baryon
mass and fr is pion decay constant. «, 8, D and F are the parameters of the chiral
Lagrangian. The factor A accounts for the renormalization effects in hadronic matrix
elements from the weak scale to the my,.

It can be noticed from egs. (5.5), (5.6) that the relevant couplings for the proton
decay into the charged leptons are y[ul,dl,ej, ufl, yu§,dS ejwl], y'uf,dS, JC, uf],
y[ui,di, ej,u1] and for the proton decay into the neutrinos are ylui,d;,vj,di] and
y[u?,dic,uj,dk]. Considering this, the tree-level contribution mediated by T, T (see
eq. (3.16)) vanishes due to anti-symmetric G as

u

(UTCGch)H =0. (5.7)

These fields can induce proton-decay through dimension-6 operators which arise at loop
level. The same result has been found earlier in the context of SU(5) GUTs in [33] and
the 1-loop diagrams which arise through an additional W-boson exchange have also been
evaluated. Therefore, at tree-level through dimension-6 operators, the proton decays are
mediated by only T, T and T, T in the models with 120.
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5.2 B — L non-conserving decays

The B — L non-conserving decays of nucleons arise from the operators derived in
egs. (4.6), (4.9). They can be further generalized as

Leg = §luf,dS,ve,dp] P uli C dfpvh O ng
+7'[ua, dp, ve, d5] eP7 uLA c1 dsp vh ot ng
+[dS, d%B, ec, dB] e dSE T dGp el CT1 S
+7[da, dp, ec,dD] PV dl , C g el O dS)
+7[dS, d5, e, dp) e df 071 dSy ST ¢ dyp + hec., (5.8)
where y = f or g. The above operators can be rewritten in a usual left- and right-chiral
fields using identities given in eq. (5.3) and
$TC™C = (brxn)” vOTCT N =Prxe- (5.9)
The above identities are obtained from the definitions given in eq. (5.2). In the new
notation, we find
Leg = §*[uG,dS, ve,dD] e (dspr)C taar dyprvorL
+*[ua, dp, ve,dp) € (dspr)C vaar dyprver
+*[dS. dG. ec,dD) € (dspr)C daar dyprect
+ﬂ/* [da,dB, ec,dH) e*? (dspL)C daar dyDR et

1 €97 (dgpRr)® daar dypLecr +hec.. (5.10)

The operators obtained above violate B — L by two units and lead to processes in which

[dA7 dBv eC’? dp

a nucleon decays into lepton and a meson. The first two operators in eq. (5.10) contribute
in the proton decay through channels p — v7* and p - v K.

+ (m;%_mZ ) 2 C
Llp—vr'] = WA (1+D+F) 2 ’ay ¢, df, v, d']+ By [Ul,dh%,dﬂ )
(m2 —m2.,) 2D m D+3Fmy,\ ~, |2
+1 4 K 2 ' Av 'p v
F[p—) vK ] - 327ngf2 Z‘ C’le—i_ 1+ 3 mp CL27, ) (5'11)
where
0211' = agj*[u?,dg’,yi,dlc] +/Bg/*[u17d27yivd?]7
CZQi = ag*[ulcvdlcayiadg] +/Bgl*[ulvd1ayivdg] . (512)

Experimentally, the above decay modes are indistinguishable from p — 77t /K.

The remaining three operators in eq. (5.10) do not contribute in the proton decay but
induces the B and B — L violating decays of the neutron, for example n — e~ 7. The
decay width for this can be estimated as

N
_ (m2 —m2,)? 1+ D+ F s
F[n—>ei 7T+] = 327Tm3.}:2 A2 ﬁ (‘B ! d 17 ) 7d1]‘

t|agdf, df ei,df] + By duei,df]] ) (5.13)
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It can be noticed that for y = g, i.e. when the operators are induced only trough the triplets
residing in 120y, one finds vanishing decay width for n — e; 71 at the leading order due
to anti-symmetric nature of G, see eq. (4.10).

6 Estimation for a 10y + 1265 model

Using the general results obtained above, we now compute the partial decay widths of the
proton in a specific SO(10) model. The Yukawa sector of the model consists of a complex
10y and 126y scalar fields. Each of these contains a pair of colour singlets and SU(2)
doublets with Y = £1/2, see table 1. A pair of linear combinations of these doublets,
namely h, and hg, is assumed to remain much lighter than the GUT scale and induce the
electroweak scale. The Vacuum Expectation Values (VEVs) of h, and hg also generate
masses for all the charged fermions. 126y also contains an SM singlet but B — L charged
field, VEV of which gives rise to masses for heavy RH neutrinos. This, along with the
Dirac masses generated by the VEVs of h, 4 generates naturally suppressed mass for the
SM neutrinos through the type I seesaw mechanism. The viability of this framework in
reproducing the correct spectrum of fermion masses and mixing parameters has been ex-
tensively studied in several works, see [5, 9, 10, 48-54] for example. In the most recent
study [54], several viable solutions have been obtained for this model which not only re-
produces the known fermion mass spectrum but can also account for the observed baryon
asymmetry through Leptogenesis.

The absence of 120y in this model implies that the proton decay in this class of theories
is mediated by only the Y = £1/3 colour triplet scalars as derived in section 2. Moreover,
the minimal model uses a U(1) Peccei-Quinn symmetry [55] under which 16 has charge
+1 while 105 and 126 each has charge —2. This allows Yukawa couplings with 10y but
forbids the ones with 1OL leaving only two Yukawa coupling matrices making the model
predictive [10]. As a consequence of Peccei-Quinn symmetry, the gauge invariant term 10%{
is forbidden and hence the components of T' and T of 10 do not mix. Therefore, we have
6 = 0 in eq. (3.3) and all the i/ vanish in eq. (3.6). The proton decay, in this case, is
governed by only three independent operators, listed as the first three in eq. (5.4).

In general, the interaction terms in the scalar potential which gives rise to mixing of
electroweak doublets can also induce mixing between different 7" and T residing in 105
and 126. In this case, the coefficients of the effective operators given in eq. (5.4) are
linear combinations of corresponding kA and f. The determination of the exact combination
however depends on the full scalar potential. To compute the proton lifetime in this model,
we adopt a simplified approach and assume that the lightest pair of triplets is dominantly
arising from either of 10y and 126y. The coefficients g, in this case, are either h or
f and can be fully determined from the fundamental Yukawa coupling matrix H and F
and from the flavour rotation matrices Uy. These parameters can be extracted from the
fermion mass fit performed in [54]. The parameters corresponding to the best fit solution
are given in [54] which we reproduce here in the appendix A for convenience. We also list
the diagonalizing matrix obtained from the various Yukawa coupling matrices.
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Branching ratio [%] Mr < Mz My > M= Mrp = M=

BR[p — et 7Y <1 <1 <1
BR[p — put7) 7 <1 <1
BRp — irt] 0 15 14
BR[p — et KY] <1 <1 <1
BR[p — ut K9 93 <1 2

BR[p — vK*] 0 84 83
BR[p — etn] <1 <1 <1
BR[p — u™n) <1 <1 <1

Table 2. Proton decay branching fractions estimated for the best fit solution for various hierarchies
among the masses of T and T residing in 10y.

The Yukawa coupling matrices H and F' are obtained as

1 3

= H F= V3
2v2 o 42 oy

where a2 are factors that quantify the mixing of electroweak doublets with a constraint

|1 |2 + |az|? < 1, see [54] for the details. H' and F’ can be determined from the fermion
mass spectrum and an example numerical solution is given in appendix A. Note that H can

H

F, (6.1)

be chosen diagonal and real without the loss of generality while F' is complex symmetric in
this basis. The fermion mass matrices, which are linear combinations of H and F', remains
complex symmetric. Hence, one finds Uye = Uy for f = u,d,e. The coefficients h and f
then can be determined from the values of H’', F’ and Uy given in appendix A for the best fit
solution. For the parameters in eq. (5.5), we use a = 0.01 GeV?3, D = 0.8, F = 0.46 [47, 56].
Further, the average baryon mass mp = 1.15 GeV, the pion decay constant fr = 130 MeV
and the values of various hadron masses are taken from the PDG [57]. The parameter
A = 1.43 captures running effects from Mz to m,. To account for the running effects
between Mgyt to My one needs to use the values of H and F' extracted at My;. However,
we use the values obtained from the fit carried out at the GUT scale as the change in Yukawa
couplings due to running is of O(1) and does not change the results significantly [58].

6.1 Proton decay pattern

The results obtained for various branching ratios are given in table 2 assuming that the
lightest T' and T are dominantly the ones residing in 10z. Similarly, the branching ratios
computed, assuming that the lightest pair of triplets originates from 126y, are listed in
table 3. Note that the branching ratios determined in table 2 and 3 do not depend on the
unknown parameter «; 2 appearing in eq. (6.1).

The branching ratios of proton decay obtained in table 2 and 3 are qualitatively very
different from the ones computed assuming the dominant contribution from the gauge boson
mediation. For transparent comparison, we also compute the latter taking into account the
flavour effects for the best fit solution. The details of computation are given in appendix B
and the results are listed in table 4. The important observations are:
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Branching ratio [%] Mr, , < Mz My, , > Mz Mr, , = M7

BR[p — etnY] <1 <1 <1
BR[p — put7) 11 <1 <1
BR[p — vr] 0 11 11
BR[p — et K] <1 <1 <1
BR[p — utKY] 88 10 11
BR[p — vK*] 0 78 77
BR[p — etn] <1 <1 <1
BR[p — utn) <1 <1 <1

Table 3. Proton decay branching fractions estimated for the best fit solution for various hierarchies
among the masses of 77 » and T residing in 126.

(a) Unlike in the case of gauge boson mediation in which the proton preferably decays into
7%eT or 77, the scalar induced proton decay favours the channels involving K° pt
or KTw.

(b) Typically, one finds BR[p — e*7%] < BR[p — p*7°]. This is in contrast to the gauge
boson mediated decays in which one typically finds BR[p — e*7°] > BR[p — p*7Y].

(c) When T is lighter than T, the proton decays dominantly in the channels involving
charged mesons and neutrinos. As T does not couple to the neutrinos, proton decays
mediated by it results into the neutral mesons and charged leptons.

(d) A comparison between table 2 and 3 suggests that the decay patterns of the proton do
not significantly depend on whether the lightest T and T originate dominantly from
10y or 126y. This indicates that the qualitative results would remain unaltered even
if the lightest pair, T and T, are general linear combinations of triplets and anti-triplets,
respectively, residing in 105 and 126.

To check the robustness of the above observations, we evaluate the proton decay branching
ratios for several solutions, with acceptable x? values at the minimum, determined in [54].
The results are displayed in figures 1 and 2. It can be observed from these figures that the
predictions of various branching ratios reported in tables 2 and 3 do not change significantly
even for the other viable solutions.

The noteworthy features of the proton decay spectrum listed as a), (b), (c), (d can
be understood from the flavour structure. The realistic fermion mass spectrum in the
underlying model leads to the following hierarchical structures for H and F':

34 AT 00 g (A5 AN
Hwa— 0X0], FNOT A3 A, (6.2)
"\o o1 2\ A3 A2 )\

where A = 0.23 is Cabibbo angle and we have suppressed O(1) coefficients. The Yukawa
matrices of the charged fermions, Y,, 4., are linear combinations of H and F'. The unitary
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Figure 1. Scalar mediated proton decay spectrum for solutions obtained in case of the minimal
renormalizable non-supersymmetric SO(10) model. Various branching ratios are evaluated assuming
that the lightest pair of colour triplets, 7' and T, arise dominantly from 10z.
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Figure 2. Same as figure 1 but assuming that the lightest triplets arise dominantly from 126.

matrices which diagonalize Y}, 4. and the neutrino mass matrix have the following generic

form
1 A\

A1 A2,
A3 N2 1

where U, is matrix with all the elements of O(1).

Uy ~Ug~U~ oO(1) (6.3)
Uude are CKM-like and lead to
small quark mixing while the large mixing in PMNS matrix arise through U,. From

egs. (6.2), (6.3), we find

A A5 A% A3 \ AP A% 3
UFHUp ~ | X X302 |, UJ%.”FUf,~a—2 A3 N2
A% 1 A3 A2 A
A A A% 1 \ A3 A2\
U,SFHUdNQ— M2, U,TFUdfva— A2 (6.4)
Pz SAPLDLDY

where f, f' = u,d,e.
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Substitution of the above results in egs. (3.7), (3.10), (5.5), one finds
Tlp—ef 7% (mp—m,)? (1+ D+ F)?
+ T m2 —m2.)2 T _\2
Llp — e K (mp Mico) 2(1+%(D—F))

A2~ 302,

TEY T (m2 —m2.)2 2 = : .
Llp=vK*] — (mj—mi,) (1+$—;(D+F))
This explains the observation listed as point (a) above. Further,
+ -0 + K0
Clp—e W]Nr[p—>6 K]g)\z, (6.6)

Llp = pt o] Tlp— pt KO

leads to the result (b). Moreover, (c) can be understood from the fact that

! ~ — ~0.2)2. (6.7)
Tlp =7 K*] — (md—mi,)? (1+%@+F))2 9

~ ~\2
Tlp— pt K9 (m2—m%,)? (H%’;(D—F)) 4)2
2 _
p

Also, it can be seen from eq. (6.4) that the flavour structure of couplings relevant for the
proton decay are similar in case of 10y and 126y. This provides justification for the
observation made in (d).

6.2 Limits on the masses of T and T

Finally, we use the current experimental limits on the lifetime of proton decay in various
channels to obtain the most stringent limit on the masses of T and T in the considered
model. When the lightest T" is dominantly given by the one residing in 10, the strongest
limit on its mass comes from the decay channels involving u*. We find from explicit
computation for the best fit solution,

4 M 4
B + KO = 1.6 x 10°3 (O‘l) (T)
7/BRIp = pt KT} = 1.6 10%yrs > (g7 ) <\ TS jorgev )
4 4
+.01 _ 34 o1 My

where the first factor on the right hand side in the above equations are the current ex-
perimental lower bounds on the lifetime of proton decaying in the respective channels.
Similarly for T dominantly arising from 10z, the most stringent upper bound comes from
the proton decaying into neutrinos and K*:

4 M- 4
T KT = 33 a1 T
7/BR[p > 7K™] = 5.9 x 107 yrs X (0'1) X (6.4 10 GeV) , (6.9)

The experimental limits on the lifetimes used for various channels in the above equations
are taken from [59-61].
If the lightest T and T arise dominantly from 1267, we find

/BRlp — pu* K = 1.6 x 105 yrs x (0‘2)4x< M, )4
T H - Y201 25 x 100GV )

4
7/BR[p — pt 7] = 1.6 x 10** yrs x (a) X (

2 M,
0.1

4
Ik S, 1
2.7 x 1010 GeV) ’ (6.10)
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and

4 M= 4
B 7K+ = 5.9 x 10 (0‘2) <T) . 11
7/BR[p = 7 | = 5.9 x 107 yrs x 01 X 1% 1011 GV (6.11)

It can be noticed that the limits on the masses of 7' and T are slightly lower than the ones
given in egs. (6.8), (6.9). This is due to the fact that the magnitude of Yukawa couplings
with 126 5 are somewhat smaller than those with 10g.

6.3 Limit on the mass of A

In addition to the d = 6 operators discussed above, a d = 7 operator arises within the
model through B — L violating mixing between T and A as discussed in section 4. This
induces decay p — v+ and p — v KT. Since the mass of T is already constrained by
d = 6 operators, the lower bound on the mass of A can be inferred from non-observation
of the proton decay. To estimate this, we take A = 1, ap = 0.1, vz = 174 GeV and
Mz = 1.1 x 10" GeV from eq. (6.11). Substituting these values in eqgs. (4.7), (5.11),
we find

10! ? M
7/BR[p = v KT] = 5.9 x 1033 yrs x <0Gev> ( a

2
] . A2
7.0 x 106 GeV) (6.12)

Vo

The obtained lower bound on M4 is two orders of magnitude smaller than the one obtained
in [22] for the same value of B — L breaking scale. The difference is due to the values
of Yukawa couplings and an additional factor of (4/15)? in eq. (4.7) which arise due to
Clebsch-Gordan coefficient.

7 Summary and discussions

Proton decay is a window to peep high energy phenomena from low energy. Its observation
would conclusively discard the conservation of the baryon number and strengthen the
ambition to unify fundamental interactions. Moreover, it can also provide useful insight
into the nature of theory in ultra-violet from which B and L violations originate. The
latter requires the computation of nucleon decay widths in specific models identifying all
possible sources. We carry out such an exercise for renormalizable SO(10) GUT models.
Classifying the most general scalar spectrum of such theories, we compute explicitly the
couplings of various scalars which can induce baryon and lepton number violating decays
of baryons at the tree level. Effective operators are computed by integrating out the scalar
fields considering also possible mixing terms between the scalars residing in the given GUT
multiplet. We compute d = 6 operators which conserve B — L and also derive d = 7
operators which violate B — L. The latter can lead to nucleon decay modes which are
less studied. We then express the proton decay widths in terms of these operators and
provide a comprehensive analysis of scalar mediated proton decay in a particular model.
The noteworthy features of our general analysis are the following:

o Even though there exists several multiplets charged under B — L in models with 10,
126 and 120y, the d = 6 operators which can induce B and L non-conserving (but
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B — L conserving) baryon decays arise from only three pairs of color triplet fields:
73,1, —%), T(3,1, —%), T(3,3, —%) and their conjugates.

o In the models with 10y and/or 126, only T and T mediate the proton decay.
Although 126 contains 7 and T fields, they have only lepto-quark couplings.

e When 120y is present in the model, the contribution to proton decay from 7-T
vanishes at tree-level due to the anti-symmetric nature of Yukawa couplings with
120y . Therefore, these fields can contribute to proton decay only at the loop level.

e The B— L non-conserving nucleon decays, which arise through d = 7 operators at the
leading order, can be mediated in general by (3, 1, %), A(3,2, %), 0(3,2, %) and their
conjugate partners. In the models without 120, only A can induce such decays.

In the context of a minimal model based on 10y and 126 5 with Peccei-Quinn symme-
try, we find that when scalar mediated contributions dominate, the proton decay spectrum
can be quite different from the one typically anticipated. Several important aspects of the
proton decay spectrum are listed in the section 6. Proton dominantly decays into 7 K+
or ut K° for lighter T or T, respectively. Moreover, one finds BR[p — u™7% > BR[p —
et mY]. Both these features are distinct from gauge boson mediated proton decays in which
proton preferably decays into 77" or e 7 and typically BR[p — u™7% < BR[p — e*nY].
These features mainly arise from the difference between the Yukawa and gauge couplings.
The first is more sensitive to the flavour structure of the underlying GUT model and hence,
if scalar mediated contributions dominate, the proton decay can provide very useful insight
into the Yukawa structure of the theory.
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A Solution for 105 + 1265 model

In this appendix, we give necessary parameters of the best fit solution obtained in the
recent work [54]. The solution is obtained for a minimal non-supersymmetric 10y + 126
model with U(1) Peccei-Quinn symmetry. One finds the best fit parameters for the Yukawa
couplings as

0.00023 0 0
H = 0  —0.04811 0 x 1073,
0 0 —5.79504
—0.0088 + 0.0178i 0.0475 — 0.0889i 0.4635 + 0.6797i
F' = | 0.0475 —0.0889; 1.1279 4+ 0.5108; —1.2218 —2.5921: | x 107%. (A.1)

0.4635 + 0.6797¢ —1.2218 — 2.59217 5.4683 — 5.98561
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The above with r = 77.4189, s = 0.3140 — 0.0282i and vl = 9.84 x 10 GeV leads to the
following effective Yukawa matrices for the quark and leptons:

Yy=H'+F', Yy =r(H +sF),
Y. =H' - 3F', Y, =r(H —3sF'), Mp =vg F'. (A.2)
The light neutrino mass matrix is obtained as M, = —v2Y,, Mél Y.L, where vy g = (hy.a),

v2 + v =02 = (174 GeV)? and v, /vg = tan 8 = 1.5. The mass matrices for the charged
fermions are given by My . = vq Yy, and M, = v,Y,,.

The unitary matrices Uy and Uyc diagonalize My (f = d, u, e,v) such that U}MfM}Uf
= U}CM}Mfoc = DJ%. Since My are symmetric, one finds Uy = U}‘C. Numerically
obtained Uy are as the following.

—0.9497 — 0.2658: —0.0895 +- 0.1388: —0.0101 — 0.0116%

Ug = Uje = | —0.1053 4 0.1272; —0.5434 — 0.82137 0.0276 + 0.0463¢ | ,
—0.0157 0.0538 0.9984
—0.4028 — 0.89527 0.1456 + 0.123¢ —0.003 — 0.0034%
Uy =Ujc = | —0.0213 — 0.1895; —0.5203 — 0.8323: 0.0086 + 0.0135¢ | ,
—0.0016 0.0165 0.9999
—0.3995 — 0.916: —0.0093 4 0.0126: 0.0115 + 0.031%
Ue = Ul = | —0.0161 — 0.00747 —0.2511 — 0.9618; —0.0268 — 0.1043i | ,
0.031 —0.108 0.9937
—0.4683 4 0.6897 0.3113 — 0.4343: 0.0721 — 0.1233:
U, = | 0.151 —0.2689: 0.3553 — 0.5592¢ —0.357 + 0.5818: | . (A.3)
0.4591 0.5249 0.7168

The matrices H', F' and Uy are used to compute the proton decay spectrum as explained
in the section 6.

B Proton decay spectrum from gauge boson mediations

In this appendix, we compute gauge mediated proton decay partial widths for quantitative
comparison with the scalar induced contributions. The currents associated with B — L
charged gauge bosons, X ~ (3,2,—5/6) and Y ~ (3,2,1/6) with belong to adjoint repre-
sentation of SO(10), are given by?3[62]

_ _ 910 57 (= by, C T Ay AT Al
Lxy = V) [Xu (q,ﬂ ug +e“artga —d¥ay lA)
+Y, (@A’Y“dg + 1% 4yt qa — UfCA'Y’”A)} +h.c., (B.1)

where gy is unified gauge coupling and we have supressed the SU(3) and SU(2) indices for
simplicity. Eliminating X and Y boson using classical equations of motions, the effective

3There also exists vector boson Z ~ (3,1,2/3) with B — L charge 4/3. However, it does not induce
proton decay by itself [38].
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Branching ratio [%] Mx < My Mx > My Mx = My

BR[p — ¢ 1] 63 33 AT
BR[p — put7) 1 1 <1
BR[p — vrt] 26 55 46
R[p — et K9 <1 <1 <1
BR[p — put K] 9 <1 4
BR[p — 7K *] 3 15 1
BR[p — et7] <1 <1 <1
BR[p — u"n) <1 <1 <1

Table 4. Proton decay branching fractions estimated for the best fit solution for various hier-
archies among the masses of X and Y gauge bosons in case of the minimal renormalizable non-
supersymmetric SO(10) model.

operators relevant for the proton decay are derived as:

Lot = 2?&’2 (UTAVMQA (eTBvqu _dicB')’ulB))

910

"oz (dCAV qau B’YplB) +h.c. (B.2)

Using Fierz reordering and fermion field redefinitions, f — Uy f, we obtain (see [38]
for details)

Leg = k[ua,dp, €5, uf)] (eiccuicp ua dB)
+k[ug, dg, ec, up] (dTB uCqup ec)
+k[uS, 45, vo, dp] (€ uCadpue) + hee., (B.3)
with

K, dp, eC, u) = 210 (vlewa) , (Ulct)

M2 + (UETC U“) (Uic Ud) DB} ’

0 .00 =~ (U1o0) o (0100, — S (01e0), (01

DA

K0S, v, dp] = 210 (Ule) .. (Ulevd) o) (Uleta) , (

MZ AD - M2 UJCU")AC' (B4)

Decay widths of proton in various channels then can be obtained by using y[f1, f2, f3, f4]
= k[f1, f2, f3, f4] and ¥'[f1, f2, f3, f4] = O in the expressions listed in eq. (5.5). Flavour ef-
fects arising through various unitary matrices are evaluated from the best-fit solutions
determined in [54] for the minimal non-supersymmetric SO(10) model with Peccie-Quinn
symmetry. The results obtained for the best fit solution and for different hierarchy among
the X and Y gauge bosons are given in table 4. We also give the spectrum of branching
ratios for several solutions with acceptable x? in figure 3. It can be seen from figure 3 that
the results in table 4 are robust predictions for the proton decays induced by the vector
bosons. Proton decay branching ratios are qualitatively very different from those obtained
by scalar mediation.

~ 98 —



Frequency

Mx<<My Mx>>My Mx=My

A 0
p- K’ p-vK* os p-u'K
vt 0.4 ’
0.4 poetnd
0 03 >
p-e'n 5 p—>e*7ro povrt B
g g o3
p—>_7r+ g g.‘ .
-
© 02 3] p-vn
- 0.2
0.1
0.1
. Al 0.0 ‘ : ‘ : 0.0
20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Branching Ratio Branching Ratio Branching Ratio

Figure 3. Gauge boson mediated proton decay spectrum for several solutions obtained in case of

the minimal renormalizable non-supersymmetric SO(10) model.
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