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We list scalar leptoquarks that mediate proton decay via renormalizable couplings to the Standard
Model fermions. We employ a general basis of baryon number violating operators to parameterize
contributions of each leptoquark towards proton decay. This then sets the stage for investigation of
bounds on the leptoquark couplings to fermions with respect to the most current Super Kamiokande
results on proton stability. We quantify if, and when, it is necessary to have leptoquark masses close
to a scale of grand unification in the realistic SU(5) and flipped SU (5) frameworks. The most con-
servative lower bounds on the leptoquark masses are then presented. We furthermore single out a
leptoquark without phenomenologically dangerous tree-level exchanges that might explain discrep-
ancy of the forward-backward asymmetries in ¢ production observed at Tevatron, if relatively light.
The same state could also play significant role in explaining muon anomalous magnetic moment.
We identify contributions of this leptoquark to dimension-six operators, mediated through a box di-
agram, and tree-level dimension-nine operators, that would destabilize proton if sizable leptoquark

and diquark couplings were to be simultaneously present.
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I. PROTON DECAY LEPTOQUARKS

There has been a plethora of low-energy experiments capable of leptoquark discovery thus far. These
have generated ever more stringent constraints on available parameter space for their existence. See, for
example, [1-6] for some of the latest results. There also exists a large number of phenomenological studies
of leptoquark signatures prompted primarily by various effects they could generate in flavor physics [7-11].
We are interested in a particular subset of scalar leptoquark states that are associated with proton decay. It
is well-known that there exists only a small number of these states that can simultaneously violate baryon
(B) and lepton (L) numbers [12—-14]. The number of scalar leptoquarks that can mediate proton decay at
the tree-level is even smaller [15]. Our aim is to present a comprehensive classification of leptoquarks and

address a role these have in proton decay processes.

Scalar leptoquarks that mediate proton decay certainly represent qualitatively new physics. Although the
relevant operators associated with exchange of these states can be studied from an effective theory point of
view, we prefer to trace their origins to a particular unification scenario in order to expose their dependence
on underlying couplings. In fact we will study these states in two different unification frameworks that
correspond to the SU(5) [16] and the flipped SU(5) [17-19], i.e., SU(5) x U (1), embeddings of the mater

fields. These two scenarios are general enough to cover other possible embedding schemes.

Let us start by spelling out qualitative differences between the scalar and vector, i.e., gauge boson, lepto-
quarks that mediate proton decay at the so-called dimension-six (d = 6) level. (The latter have been studied
much more extensively in the literature. See, for example, [12—14, 17, 20-24].) Firstly, vector leptoquarks
comprise twenty-four states whereas the scalar ones comprise eighteen (fifteen) states in case neutrinos
are Dirac (Majorana) particles. Secondly, whereas SU(5) contains only a half of all vector leptoquarks,
the other half being in flipped SU(5), one can already find all possible proton-decay mediating scalar lep-
toquarks in either SU(5) or flipped SU(5) framework. Hence, the scalar sector, although smaller, can
potentially yield much richer structure with respect to the gauge one. Thirdly, the uncertainty in predictions
for partial nucleon decay rates due to the gauge boson exchange resides entirely in a freedom to choose
particular unitary rotations that need to be in agreement with observed mixing parameters in the fermionic
sector as gauge bosons couple to matter with the gauge coupling strength. Scalar fields, on the other hand,
couple to matter through Yukawa couplings. This brings additional uncertainties to potential predictions for

relevant decay rates.
The leptoquark states that simultaneously violate B and L quantum numbers tend to mediate proton de-
cay at tree-level and are therefore taken to be very massive. However, we have investigated an SU(5) grand

unified theory scenario [25] which resulted in a setup with a set of light leptoquarks. Namely, motivated



by the need to explain anomalous events in t¢ production at Tevatron [26, 27], we have found that a light
color triplet weak singlet scalar could contribute to ¢t production and explain the observed increase of the
forward-backward asymmetry [28]. We have accordingly demonstrated that the unification of the funda-
mental interactions is possible if that set of light scalars is a part of the 45-dimensional representation [28].

In flavor physics, due to recent accurate measurements at Tevatron and LHCb, the presence of new
physics (NP) in B systems seems rather unlikely. The muon anomalous magnetic moment, on the other
hand, still leaves some room for NP contributions. The impact of potentially light leptoquark scalars,
including the light color triplet weak singlet scalar, on the low energy and hadron collider phenomenology
within that context has been investigated in Refs. [28—32].

The color triplet weak singlet scalar state we have singled out does not generate proton decay at the tree-
level. However, one can still construct, as we show later, higher order loop diagrams that yield effective
d = 6 and tree-level d = 9 operators which can destabilize proton. The natural question then is whether
one can simultaneously address the t¢ asymmetry and the muon anomalous magnetic moment by using the
very same leptoquark. We investigate this issue in detail in Sec. VI.

This paper is organized as follows. In Sections II and III we list all proton decay inducing leptoquarks in
SU(5) and flipped SU (5) unification frameworks and specify their Yukawa couplings to the SM fermions.
In Sec. IV we introduce the effective dimension-six operators for proton decay and calculate associated
effective coefficients for each leptoquark state. Sec. V is devoted to a study of conservative lower bounds on
the color triplet leptoquark mass within phenomenologically realistic SU(5) and flipped SU(5) scenarios.
In Sec. VI we study leptoquarks that do not contribute to proton decay operators of dimension-6 at tree-level.

We conclude in Sec. VII.

II. LEPTOQUARKS IN SU(5)

The scalars that couple to matter at tree-level reside in the 5-, 10-, 15-, 45- and 50-dimensional rep-
resentations of SU(5) because the SM matter fields comprise 10; and gj, where 7,57 = 1,2, 3 repre-
sent family indices. Namely, 10, = (1,1,1); ® (3,1,-2/3); ® (3,2,1/6); = (e%,uf,Q;) and 5; =
(1,2,-1/2); ® (3,1,1/3), = (Lj,djc), where Q; = (u; d;)T and L; = (v; ;)T [16]. Possible con-
tractions of the matter field representations hence read 10 ® 10 = 5 ® 45 © 50, 10 ® 5 = 5 @ 45 and
5® 5 = 10 @ 15. Theory also allows for addition of right-handed neutrinos that can be introduced, for
example, in the form of SU (5) fermionic singlets (1) without the need to enlarge the scalar sector. Note that

one can also introduce additional non-trivial representations of matter to generate observed fermion mass

parameters in the lepton [33] and quark [34] sectors. That, however, would not alter our operator analysis



for large enough masses of extra matter fields.
Relevant decomposition of scalar representations to the SM gauge group, i.e., SU(5) — SU(3) x

SU(2) x U(1), is given below [35]:
e 5=(1,2,1/2)® (3,1,—-1/3);
e 10=(1,1,1)® (3,1,-2/3) ® (3,2,1/6);
e 15=(1,3,1)®(3,2,1/6) @ (6,1,—2/3);

45 = (8,2,1/2) ¢ (6,1,-1/3) & (3,3,-1/3) & (3,2,-7/6) @ (3,1,-1/3) & (3,1,4/3) &
(1,2,1/2);

50 = (8,2,1/2) ® (6,1,4/3) ® (6,3,-1/3)® (3,2,-7/6) ® (3,1,-1/3) & (1,1, —2).

Only 5, 15 and 45 contain electrically neutral components and are thus capable of developing phe-
nomenologically viable vacuum expectation values (VEVs). Contributions to the up-quark, down-quark
and charged lepton masses can come from both 5 and 45 whereas Majorana (Dirac) masses for neutrinos
can be generated by VEV of 15 (5).

The scalar leptoquark states that violate both B and L quantum numbers are (3,1, —1/3), (3,3,—1/3)
and (3,1,4/3), if one assumes neutrinos to be Majorana particles. These states reside in 5, 45 and 50.
However, if one allows for the possibility that neutrinos are Dirac particles there is another leptoquark—
(3,1, —2/3)—that is found in the 10 of SU(5) that violates both B and L and could thus also destabilize
proton. To that end we consider both the Majorana and Dirac neutrino cases to keep the analysis as general
as possible. Altogether, there are eighteen (fifteen) scalar leptoquarks that could mediate proton decay
in case neutrinos are Dirac (Majorana) particles. The leptoquarks in question are all triplets of color as
they must contract with lepton and quark states into an SU (3) singlet. Tables I, II, IIT and IV summarize
couplings to the matter of relevant states that reside in 50-, 45-, 10- and 5-dimensional representations,
respectively.

We observe that in the SU (5) framework the primary obstacle to the proton stability seems to be the need
to generate Yukawa couplings relevant for the charged lepton and down-quark masses. These receive equally
important contributions from the 101'33' 5* and 10i3j45* contractions [36]. It is clear from Tables II and IV
that both of these, individually, generate potentially dangerous couplings. The up-quark Yukawa coupling
generation, on the other hand, via the 10;10;45 operator seems not to pose any danger whatsoever as can
be seen from the second column in Table II. However, that operator cannot generate viable masses for all up-

quarks due to the antisymmetry of the corresponding mass matrix. The 10;10;5 contraction does provide



SU(5) v;3910,10,50
(37 1a _1/3)

12712 Y30 + Y0l Cup A
—1/21v/10 101,CT v, C
37RYY0 + Y0l T Cul A,

TABLE 1. Yukawa couplings of the B and L violating scalar in the 50-dimensional representation of SU(5).
a,b,c = 1,2,3 (i,5 = 1,2,3) are color (flavor) indices. Yi}o are Yukawa matrix elements associated with the

relevant contraction in the group space of SU(5).

SU(5) v;1910;10,45 V,310;5;45"
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TABLEII. Yukawa couplings of the B and L violating scalars in the 45-dimensional representation of SU (5). a, b, ¢ =

1,2,3 (4,5 = 1,2, 3) are color (flavor) indices. Yiﬁo and YE are Yukawa matrix elements.

viable up-quark masses but the price to pay is resurrection of the proton decay issue. To conclude, the only

operator that can be considered innocuous in the Majorana neutrino case is the 10;10;45 contraction.

III. LEPTOQUARKS IN FLIPPED SU(5)

Another possibility to unify the SM matter into an SU (5)-based framework leads to the so-called flipped
SU(5) scenario [17-19]. A single family of matter fields in flipped SU (5) can be seen as originating from a
16-dimensional representation of SO(10). Actually, flipped SU (5) is not necessarily completely embedded
into SO(10). Nevertheless, the generator of electric charge in flipped SU (5) is given as a linear combination
of a U(1) generator that resides in SU(5) and an extra U (1) generator as if both of these originate from an
SO(10) — SU(5) x U(1) decomposition. This guarantees anomaly cancelation at the price of introducing

one extra state per family, i.e., the right-handed neutrino #©. The transition between the S U(5) and flipped



SU(5) v;}10,1;10* Y,25,5;10
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TABLEIII. Yukawa couplings of the B and L violating scalar in the 10-dimensional representation of SU (5). a, b, c =

1,2,3 (4,5 = 1,2, 3) are color (flavor) indices. Y,; and YE are Yukawa matrix elements.

SU(5) Y,110,10,5 V210;5;5" V15,1;5
3,1,-1/3 27126, Y3uCTCdS . A*
( /3) 26abC[Y}-O + Y4¥O}dT40ub AW Cab i]u(“ bj=e

K Je ar=mog 9-1/2y5,T Co. A* | YLdCTOWCA
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A T ! —2-12Y 34T Cu A
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TABLE IV. Yukawa couplings of the B and L violating scalar in the 5-dimensional representation of SU (5). a, b, c =

1,2,3 (i, = 1,2, 3) are color (flavor) indices. Y;1°, YE and Y;} are Yukawa matrix elements.

SU(5) embeddings is then provided by d° <+ u®, ¢¢ < v%, u <+ d and v <+ e transformations. Flipped
SU(5) thus predicts existence of three right-handed neutrinos as these transform nontrivially under the

underlying gauge symmetry.

The matter fields in flipped SU(5) comprise 10?1, 5, % and 1?5, where the superscripts correspond to
the extra U (1) charge assignment. To obtain the SM hypercharge Y one uses the relation Y = (Y (U (1)) —
Y (U(1)su(5)))/5, where Y(U(1)) and Y (U(1)gr(5)) represent the quantum numbers of the extra U(1)
and the U(1) in SU(5)(— SU(3) x SU(2) x U(1)), respectively.

The scalar sector that can couple to matter directly is made out of 5072, 452, 1576, 1016, 52 and
1710, Representations that can generate contributions to the charged fermion masses and Dirac neutrino
masses are 452 and 52, whereas Majorana mass for neutrinos can originate from interactions with 156,
Leptoquarks that violate B and L reside in 5072, 4572, 1076 and 52 with relevant couplings to matter

given in Tables V, VI, VIII and VII, respectively.

In flipped SU(5) the main obstacle to matter stability is the the generation of the up-quark masses.
Namely, these can be generated through 10?15;35* +2 and/or 10?15;345* *2 contractions. Both of these
are dangerous as far as the proton decay is concerned as can be seen from Tables VI and VIII. All other

contractions, in the Majorana neutrino case, are actually innocuous.
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TABLE V. Yukawa couplings of the B and L violating scalar in 50-dimensional representation of SU(5). a,b,c =

1,2,3 (4,5 = 1,2, 3) are color (flavor) indices. Y,;;O are Yukawa matrix elements.

SU(5) x U(1) Y1010;'101 1452 Y5105 "45% +2
(37 1, _1/3)_2 2_1Yi?6abcdaciTcul€jAz
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TABLE VI. Yukawa couplings of the B and L violating scalars in 45-dimensional representation of SU(5). a, b, c =

1,2,3 (4,5 = 1,2, 3) are color (flavor) indices. Yéo and Yg are Yukawa matrix elements.

IV. PROTON DECAY

Let us discuss proton decay operators due to the scalar leptoquark exchange of the lowest possible

dimension in detail. These are dimension-six operators made out of three quarks and a lepton that violate



SU(5) x U(1)

+1445 -
vi107 1 °10% ¢

Y35, 5 %1016

ij %%

(3,1,-2/3)*6

Y. dCTOeCA*

ijYat

271/2¢,, . Y5u CTC’ubC A,

i Ug g

Yo — 7YOT

TABLE VII. Yukawa couplings of the B and L violating scalar in 10-dimensional representation of SU(5). a,b,c =

2,3 (1,5 = 1,2, 3) are color (flavor) indices. Y,; and YE are Yukawa matrix elements.
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TABLE VIIL Yukawa couplings of the B and L violating scalar in 5-dimensional representation of SU(5). a,b,c =

2,3 (1,5 = 1,2, 3) are color (flavor) indices.
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B and L by 1 unit. They are summarized below
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Yy 10 Y5 and Y1 are Yukawa matrix elements.
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Here, i(= 1,2,3) and «, B(= 1, 2) are generation indices, where all operators that involve a neutrino are

bound to have a + 5 < 4 due to kinematical constraints. L(=

(1 — ~5)/2) is the left projection operator.

The SU (3) color indices are not shown since the antisymmetric contraction €,p.q,qpqc is common to all the

above listed operators. This notation has already been introduced in Ref. [24].

These operators allow one to write down explicitly d = 6 proton decay contributions due to a particular

leptoquark exchange [24]. To that end we first specify our convention for the redefinition of the fermion

fields that yields the up-, down-quark and charged lepton mass matrices in physical basis:

MU,D,E —

M . These are UL MyU = Mg, DEMpD = My, and ELMpE = My*®. The quark mixing is



U'D = Vyp = K1VeruKa, where K, and Ko are diagonal matrices containing three and two phases,
respectively. In the neutrino sector we have Ny My N = Mg}ag (NTMyN = Mﬁiag) in the case of Dirac
(Majorana) neutrinos. The leptonic mixing E'N = Vgn = K3Vpuy ~nsK4 in case of Dirac neutrino, or
VeEn = K3Vppyns in the Majorana case. K3 is a diagonal matrix containing three phases whereas Ky
contains two phases. Vox s (Vparng) is the Cabibbo-Kobayashi-Maskawa (Pontecorvo-Maki-Nakagawa-

Sakata) mixing matrix.

A. Tree-level exchange (d = 6) operators in SU(5)

The only relevant coefficient for A = (3,1, —1/3) from 50 is

1

a(dy, eg) = o2
A

(UT(Ylo + Y10T>D)1a (Eé(ylo + Y10T>TUE‘)517 (9)

where ma is a mass of leptoquark in question. (See Table I for details on notation for Yukawa couplings of
the 50-dimensional representation to the matter.)

The relevant coefficients for A = (3,1, —1/3) from 45 are

1 — —

a(dS, e5) = — (DY TU&)ar (UTYPE) g, (10)
dmi
1 —

a(d,e§) = DLYS UL ar (EL(YY0 — VIO 2 5, 11
( (e} ,8) ﬂmi( C C') 1( C( ) C)Bl ( )

1 — —

C _ Ty 5trr* T/ 5
a(da,df,vi) = ey (DLYS1UE) g1 (DTYPN) 0 . (12)

The relevant coefficients for A = (3,1, —1/3) from 5 are

2 —
a(da, ep) = —Q UTY + YD) (UTY E)g, (13)
MA
4
a(da,¢§) = ——5 (U + YT\ D)1a (BLE' + YO)TUE)p1, (14)
A
1 — —
a(dg.es) = 5y (DEY°TUE)a1 (UTY BN, (15)
A
C C \/5 Ty Bt T (v-10 10T \T77*
a(daaeﬁ) = miQA (DCY Uc)al (Ec(y +Y ) UC’)Blv (16)
\@ T (v10 10T Tv5
a(da,ds, v;) = m—Q(U Y +Y " )D)ia (D" Y°N)gi, a7
A
1 — —
A, df,vi) = =5 (DEY " 1UZ)p1 (DTY N)ai (18)
2mA
2 x
alda; d5, V() = (U Y T) D)o (NEYHTDE);s 19)
A
1

a(dS, d§,vE) = (DLY?1UE) 51 (NLYMDE)ia - (20)

V2mi
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The relevant coefficients for A% € (3,3, —1/3) from 45 are

a(dg,ep) = — \/3 WT (' —y°"Dy,, (UTY’E)4, QD
M2,
\6 T 10 10T T~ 5
a(da,dg,ui):—MQ OT(Y" —y"°T\D),, (DTY N)g; . (22)
A2

The relevant coefficient for Al € (3,3, —1/3) from 45 is

2v/2 5
a(dy,dg, v;) = v (UTYSN)y; (DT(Y = YT D)g,, (23)

2
Al

where the extra factor of 2 comes from two terms in Fierz transformation
(s¢Ld)(v“Lu) = —(u®Ls)(v“Ld) — (uCLd)(vCLs). (24)

The only relevant coefficient for A = (3,1, —2/3) from 10 is

1
\/57712A

Finally, A% € (3,3,—1/3) and (3,1,4/3), both from 45 of SU(5), do not contribute to proton de-

a(dS,d§,v¢) = (DLY® YT DE) g (NLYHTUE ) - (25)

cay at tree-level. This is due to antisymmetry, in flavor space, of their couplings to the pair of up-quarks.
Nevertheless, both states still induce proton decay through loops at an effective d = 6 level. We present
systematic study of these contributions for the (3,1,4/3) case in Section V1. There we also spell out con-
tributions of the (3,1,4/3) leptoquark to dimension-nine tree-level proton decay amplitudes. Equivalent
contributions of A3 € (3,3, —1/3) are not pursued since the components A! and A? from the same state

7273

already contribute at leading order. In this manner, higher order contributions of A?3 would only play a

role of radiative corrections.

B. Tree-level exchange (d = 6) operators in flipped SU(5)

The only relevant coefficient for A = (3,1, —1/3)~2 from 502 is

1 *
a(da, dg, V) = G U+ YO D)1y (NL(Y'O+ YT TDE) 5. (26)

The relevant coefficients for A = (3,1, —1/3)~2 from 452 are

1 _ -
a(dS,ep) = Iy (DéYS*UC)Oél (UTY®E)5, (27)
LN
1 Bk 7k 5
a(de, d§,v;) = o (DLY®*UE)p1 (DTYON) i s (28)
A
1 * VD ok TH *
a(dS,d§,vE) = W(DCY5 U&)p1 (NL(YT0 — YO DL, . 29)
A
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The relevant coefficients for A = (3,1, —1/3)~2 from 52 are

\[

a(dy, e5) = o WT (Y + YD)y, (UTY E) 5, (30)
2
a(da,e§) = —5 (UTY +Y°T\D)o (BLY TUE) 51, (31)
LN
1 *
a(dS,eg) = p (DLY®* UE)ar (UTYPE)y4, (32)
A
1 7* * *
a(dS,e§) = 5 (DLY *UE)on (ELYYTUE) 1, (33)
A
_\/§ T 10 10T T~-5T
a(da, dg, v;) = — Ty +v°TDY, (NTYSTD)is, (34)
A
-1 5%y 5
a(de, d§, v;) = S (DLY*UE) 51 (DTY O N)gi (35)
4
a(da,d§, V) = — (UT(Y0 +YOT)D)1 (NL(Y + Y07 DY) 5, (36)
LN
C \/i T vb*yr® T 10 10T\t =
a(dg, df, vf) = _migA(DCY Uc)ig (NGY 7 +Y 7 0) ' Deia - (37)
The relevant coefficients for A% € (3,3, —1/3)2 from 452 are
d __ V2 uT (v —yoTpy,, (UTY’E 38
a(da,ep) = e (U~ ( )D)1a ( )18 5 (38)
AQ
a(dg,dg,v;) = — V2 Uy —y'°T\Dy,, (DTYPN) g 39
s 57”1)* ) ( ( ) )1a( )ﬁz- (39)
AQ
The relevant coefficient for Al € (3,3, —1/3)72 from 452 is
2V/2 =
a(dy, dg, vi) = Ve (UTYPN)y; (DT (Y -~ YT D)g,, (40)
Al

where the extra factor of 2 comes from Fierz transformation (24).
The only relevant coefficient for A = (3,1,4/3)~2 from 4572 is

22
M2

where the extra factor of 2 again comes from Fierz transformation.

a(d$,d§,vE) = 52 (ULYPINE) o (DLYY — Y1) DE) s, 41)

The relevant coefficients for (3,1, —2/3)*6 € 1076 and A3 € (3,3, —-1/3)~2 € 4572 are not present
at the leading order due to antisymmetry of the couplings to the up-quark pair. The higher order contribu-

tions of the former state are discussed in Section VI.

V. LEADING ORDER CONTRIBUTIONS

Scalar fields couple to matter through Yukawa couplings. This introduces uncertainties to predictions
related to any processes that involve scalar exchange. It is thus natural to ask if, and when, it is necessary

to have leptoquark masses close to a scale of grand unification.
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A. Color triplets of SU(5)

The lack of predictivity in the scalar sector can best be demonstrated if we revisit the case of the triplet
scalar in the 5-dimensional representation of SU(5). Recall, it is this scalar that has led to the so-called

doublet-triplet splitting problem within the context of the Georgi-Glashow SU (5) model [16].

Operators associated with the triplet exchange are given in Eqs. (13) through (20). One can see that
all these operators, in the Majorana neutrino case, can be suppressed if (U7 (Y0 + Y'°7)D);, = 0 and
(DI;YgTU(*j)al = 0 for @ = 1, 2. Here we assume not only that the triplet is the only relevant scalar state
that mediates proton decay but that the entries of U, Uc, D, D¢, Y10 and Y7 are all free parameters. The

first set of conditions can be insured if, for example, Y10 = —y107

. This solution has already been pointed
out in Ref. [24]. The second set of conditions can also be easily satisfied although what we find defers from

what has been presented in [24].

Clearly, if Yukawa sector relevant for proton decay through scalar exchange is not related to the origin
of fermion masses one cannot make any firm predictions. Things, however, might change in models where
that connection is strong. Let us thus analyze predictions of the simplest of all possible renormalizable
models based on the SU(5) gauge symmetry. We want to find what the current experimental bounds on
p — et and p — pT 70 partial lifetimes imply for the masses of color triplets if the theory is to be viable
with regard to the fermion mass generation. We present analysis for these particular decays because they
are well-constrained experimentally and they turn out to be the least model dependent.

The starting point for our analysis are the following relations for the decay widths [24] for the p — e;ﬂo

(0 = 1, 2 corresponding to e, 1) channels

m
D(p ") = g% (loaldr,ex) + Ba(df es)> + laa(dr.ef) + Ba(af . e§)?) (L+ D+ F)?, @42)

where « and (8 are the so-called nucleon matrix elements. F' + D and ' — D combinations are extracted
from the nucleon axial charge and form factors in semileptonic hyperon decays, respectively [37, 38]. We
take in what follows & = —3 = —0.0112(25) GeV3. (See Section VI for more details on o and 3.) We
further take fr = 130 MeV, m, = 938.3MeV, D = 0.80(1) and F' = 0.47(1) [38].

We demand that the theory is renormalizable and thus neglect possibility that higher-dimensional terms
contribute to (super)potential at any level. We furthermore take the simplest possibility for the generation
of phenomenologically viable fermion masses. Namely, we demand that both 5 and 45 of Higgs contribute

to the down-quark and charged lepton masses [36]. We further take all mass matrices to be symmetric, i.e.,
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My p,r =M, 5 p.g- With these assumptions we obtain

2 2

+.0y_ Mp @
Llp = e5m) = 64 f2 vémi
i

3 1 * i,
(Vup)11[my + Zmd] + Z(VJDU2Mg gU2T)11

2

3 * dia * 1 dia
(‘2(VUDMD QVJDUz)M + §(U2ME s

+ 4]mu(U2)15\2> (1+ D+ F)?,

where Uy = UTE* while vs represents the VEV of the 5-dimensional representation. Us entries and
vs are primary sources of uncertainty. Our normalization is such that |v5]?/2 + 12|vg5|? = 02, where
v(= 246 GeV) stands for the electroweak VEV. vy5 is the VEV in the 45-dimensional representation. A
connection between Yukawa couplings and charged fermion mass matrices is spelled out elsewhere [31].

We see that the uncertainty in predicting partial decay rates persists even in this realistic scenario. One
can suppress ['(p — e}wo) with regard to Us numerically to generate the least conservative lower bound
on the mass of the scalar triplet in the 5-dimensional representation of SU(5). This, however, should be
simultaneously done with all other partial decay rates to generate a consistent solution. This is beyond the
scope of this study. The important point is that even in the case of symmetric Yukawa couplings one cannot
test the theory if the scalar triplet exchange dominates. This is in stark contrast to what one obtains for the
gauge d = 6 contributions in the SU (5) framework [20].

We can maximize I'(p — 6;770) with regard to Us to obtain the most conservative bound, from the

model building point of view, on ma. In fact, one can actually reach the maximal value for I'(p — e;{ﬂo)

by simply taking
001

Uy=U"E*=]010 |. (43)
100

With this ansatz we obtain the following simplified expressions:

F(p—>€+7r0) ~ %‘(VUD)BPWI%M?O-FD—FF)Q, 44)
2127 fruemiy

32m,a?
T'(p— ptn’) ~ >

2 2 2 2
N72127rf7%1}§m2 (VUD)12’ msmT(l—i—D—i—F) . 45)

These expressions when combined with experimental input yield comparable bounds on the mass of the

leptoquark in question. We use the following limits [39]

7(p — 7%T) > 1.3 x 10> yrs  @90% CL (462)

(p— 70ut) > 1.1 x 103 yrs  @90% CL (46b)
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The p — pt 70 channel gives slightly more stringent bound that reads

1/2
ma > 3.6 x 1012 ( @ ) <100 GeV) GeV. (47)

0.0112 GeV?3 U5

Here we take values of quark and lepton masses at Mz, as given in [40] , and neglect any running of the
relevant coefficients, for simplicity. These effects can be accounted for in a straightforward manner.

In the previous analysis it was assumed that contributions to proton decay of the triplet in the 5-
dimensional representation dominate over contributions of triplets in the 45-dimensional representation.
Let us now see what happens if that is not the case. Note that our assumption that the mass matrices are
symmetric implies that the only contribution to p — ej{wo (6 = 1, 2) channels one needs to consider with

regard to the 45 triplet exchanges originates from the (3,1, —1/3) state. We accordingly find

2 , 2
myQ d
Lp—efm’) = 2187rf§—v;§5m4A (VI pUs ME“9U 11 — (Vup)1ima

. . 2
(Us Mg — Vi p MV U )1s| (14 D+ F)?,

where v45 represents the VEV of the 45-dimensional representation. With the ansatz given in Eq. (43) we
obtain the following expressions

2

I'p— 0y o Vup s2PmZm2(14+ D+ F)? 48

( € ) 218 f7%7)25m4A ‘( )13| b T( ) ) ( )

Mp—ptn) e —F i |(Vup)ial* m?m2(1 + D + F)? (49)
2187rf72v25m42 s '

These can be compared with the results for the exchange of the 5-dimensional triplet given in Eqs. (44)

and (45) to obtain

+..0\5 4
(M)mw — 576 (f) S 5=1,2. (50)
We see that the 5-dimensional triplet exchange dominates over the 45-dimensional triplet for moderate
values of vys.

To summarize, if one is to maximize contributions from the triplets in the 5- and 45-dimensional rep-
resentations towards proton decay within renormalizable SU (5) framework with symmetric mass matrices
the current, most conservative, bound on the triplet mass scale is given in Eq. (47) (Eq. (50)) if the color
triplet in 5 (45) dominates. In other words, any such SU(5) scenario where the triplet scalar mass exceeds
this bound is certainly safe with regard to the proton decay constraints. If triplet is to be lighter than that,
one needs to explicitly check if particular implementation of Yukawa couplings allows for such scenario.

Also, any mixing between the triplets can be accounted for by simple rescaling of relevant operators.
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B. Color triplet in flipped SU(5)

Flipped SU(5) is well-known for the so-called missing partner mechanism that naturally addresses
scalar mediated proton decay by making the relevant triplet scalar in the 5-dimensional representation heavy.
Be that as it may, it is easy to see that the operators associated with the triplet exchange in flipped SU(5)
given in Egs. (30) through (35), in the Majorana neutrino case, can be suppressed with ease if (U7 (Y10 4
YT)D)y, = 0 and (DLY5*Ug)a1 = 0 for @ = 1,2. (In flipped SU(5) the Dirac mass matrix for
neutrinos is proportional to the up-quark mass matrix. This implies that flipped SU(5) predicts Majorana
nature of neutrinos.)

In the minimal realistic version of flipped SU(5) it is sufficient to have only one scalar 5-dimensional
representation present to generate realistic charged fermion masses. Let us then analyze the prediction of
such scenario. To be able to compare these results with what we obtain in the case of ordinary SU (5) we
again take My p g = M[:]F p.p- We get the following result for the p — ej{wo (6 = 1,2) partial decay
widths

2
m «
L(p— efm°) = 647;;2 11 |(Vop)ui(ma — ma)|? 4(m? +m?)|(U2)1s°(1 + D+ F)?,  (51)
5M°A

where Uy = UT E* and vs(= V2246 GeV) represents the VEV of the 5-dimensional representation. Inter-
estingly enough, if U, takes the form given in Eq. (43) it would yield suppressed partial decay widths for
p — egrwo, d = 1,2. In other words, the setup that enhances certain partial proton decay rates in SU (5)
would suppress corresponding rates in flipped SU (5) framework.

If we want to be conservative with regard to the limit on mx it is sufficient to maximize relevant decay
widths. This can be done by taking (Us)15 = 1 for p — 63_71'0 (6 = 1, 2) to obtain

1/2
> 3.6 x 10 a) GeV. 52
ma % <0.0112GeV3 ¢ (52)

This limit comes out to be significantly weaker with respect to the corresponding limit we presented in the

case of SU(5).

VI. HIGHER ORDER CONTRIBUTIONS

In the SU(5) framework the states (3,1,4/3) and A% € (3,3,—1/3) violate B and L and do not
contribute to dimension-six proton decay operators at tree-level. Antisymmetry of their Yukawa couplings
to two up quarks only allows for dimension-six operators involving c or ¢ quarks that produce B number

violation in charm or top decays [41], but these operators do not affect the proton stability due to large
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masses of ¢ and ¢ quarks. However, an additional W boson exchange opens decay channels with final states

that are kinematically accessible to proton decay.

A. Box mediated dimension-six operator from (3,1,4/3) € 45

One possibility is to make a box diagram with a single W exchange leading to the d = 6 operator, as

shown on Fig. 1. In the literature, proton decay mediation involving W boson exchanges were considered

d,s d,s

FIG. 1. Box diagrams with (3,1, 4/3) state that generate d = 6 operators of flavor uud/ and uddv.

n [41-43]. We calculate the box diagram in the approximation where we neglect external momenta, how-
ever, we keep both virtual fermions massive since the right-handed A interactions force chirality flips on
internal fermion lines and thus the diagram would vanish if both fermions were massless. Evaluation of the
diagrams with W and would-be Goldstones leads to gauge invariant and finite amplitude. Then we find that

A(3,1,4/3) generates two effective coefficients:

Gr _
a(da; €5) = T 4rm 2, Z[UC (¥ =y Ue :|1j [DEY TEC} kB oY
My V}a mqy, Vuk '](‘TA7 Luj xdk) )
c o 10% 10t T y5tpx
a(da, 5, vi) = =1 2m2 Z[UC v —yhog] [phyteg) (54)

My V}'a my, J(SUA7 xuj')x&') .

Here, V = Vi s, while the leptonic mixing matrix has been set to unity. (For the neutrino final states one
would need to sum over all neutrino flavors.). Mass dependence, apart from helicity flip factors, is encoded

in function J (where z, = mi/m%v)

Ty, 2) = (y —4)ylogy (2 —4)zlog 2 (55

C-Dy-2)ly-2)  (-1E-ylz-2)
(x — 4)zxlogx
(z -1z -y)(zr—2)

_l’_
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There are two distinct regimes of dynamics in the box, depending on the presence of ¢ quark in the loop.

When j = 3 we expand to leading order in zy,, z,, < 1, and find

J(.’L‘A, Tty xfi) =

1 A — 4 ry —4
logzaA —
A — X |xza — 1 Ty — 1

log xt] . (56)

When both fermions are light compared to W the J function takes the following form

J(‘TA7':EU]'7$Z1') - TA — 1

1 —4
[xA logza +
TA x

— (CL‘gi log zy, — @y, log SEuJ):| . &)
Contributions of the up-quark Yukawa couplings are weighted approximately by m,,;Vjq for j = 2,3 that
run in the box. The large mass of the ¢ quark comes with small element V;; that makes this product of
the same magnitude as m.V,.4. Similar cancellation between mass and CKM hierarchies occurs for the
down-quarks and the weights obey mgVyq ~ msViys ~ mpVip.

The (3,1,4/3) state has been identified as a suitable candidate to explain the anomalous value of the
muon magnetic moment. One of the leptoquark couplings (DTCYSTEE)Q between the muon and one of
the down quarks d; must be of the order ~ 2, while other two must be < 1073 to suppress contribu-
tions to other down-quark and charged lepton observables [31]. In addition, the CDF and D() measure-
ments of forward-backward asymmetry in t¢ production can be explained by a large diquark coupling
(UL(Y10 — Y101 J£)3; ~ 2 to ut quark pair [28]. Additional couplings between uc and ¢t quark pairs
are constrained by charm and top physics processes and their upper bounds are of the order 10~! and 1072,
respectively [32]. Both puzzles can be explained for a mass of the leptoquark of around 400 GeV. How-
ever, for a light mass and with the abovementioned two large couplings the proton would decay much too
quickly to a muon final state via dominant contribution of ¢ quark and one of the down quarks in the box
(c.f. Eq. (54)). Therefore, one has to find a second amplitude of equal magnitude and opposite phase in
order to achieve cancellation between the first and the second amplitude. As explained in the preceding
paragraph, all down quarks in the box that couple to external muon have similar weights that come from
loop dynamics and CKM factors. As a result, the hierarchy of d; contributions to the amplitude follows
very closely hierarchy of the leptoquark couplings (DTCYg]LEé)iQ and the required cancellation cannot take
place between the different down-quarks in the box. Likewise, cancellation between c and ¢ quarks in the

box diagram cannot occur for similar reason.

B. Tree-level dimension-nine operator from (3,1,4/3) € 45

The W emission from the up-type quark leads to proton decay amplitudes depicted on Fig. 2. Decays of

this type have been already mentioned in Ref. [41]. We focus here on the final state with a single charged
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lepton whose decay width is most severely bounded experimentally. In this case the following d = 9

effective operator is obtained

u d7 S U d7 S

FIG. 2. d = 6 proton decay operator induced by tree level (3,1,4/3) € 45 and W exchanges.

—8GrViaVy;

C — oYY uy U YlO o YlOT TU* DT YETE*
9 UZ;t mUmQA C( ) C’} w |: C C’:| si
€abe (UG Ldpa) (53 RE:) (diy L) - (58)

Here U labels c or t quark, whereas external leptons i, 7 = 1,2 and down-type quarks «, 3,7 = 1,2, are
all light. a, b, ¢, k are SU(3) color indices. R(= (1 + 75)/2) is the right projection operator. We focus
0 [‘r

immediately on best constrained channels, i.e., p — 7/, and we set a, 3,7 = 1. The use of Fierz

transformations leads to the amplitude with scalar bilinears

— 8iG £
p mOef F 10 10T\t *] { T y-51 *] *
(Y -Y U D.Y°'E ViraV 59
E:mm [ ) o] PP e |, vdVud (39

0
€abe <7r @'

(K?Rua) (dpRd,.) (@Ldb) ‘ p> + tensor terms .

One can estimate the above matrix element by employing the vacuum saturation approximation. We insert
the current dy Rd,. between the vacuum and 7 and end up with product of pion creation and proton annihi-
lation amplitudes. The tensor terms which are invoked by the Fierz relations in Eq. (59) cannot contribute
in this case. The vacuum-to-pion amplitude is

—imz fx

0|77 —
(" |duRd. o) =

Ok (60)

whereas the full amplitude is

pomlef —\V2Gp 10 10T\ y7 t 1Bt ok . m2 fr
M -y —[UC(Y % )UCLU [DCY EC} VoaVia™ = 61)

).

The annihilation matrix element of the proton in Eq. (61) has been most precisely evaluated using lattice

(u$ Ldy) (¢€ Ru,)

QCD [44]. These authors have introduced operators Ou ds = eabc(uac I'dy)Ts. and defined constant « as

aRu, = — <0 ‘ OLi ‘p> (62)
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where wu,, is the Dirac spinor of the proton. The recent value of « obtained from lattice QCD calculation

with domain wall fermions [38] is & = —0.0112(25) GeV?3. The decay width is then

2 2 2\1/2 2 2 2
G fimAa® N3, i m) V23 + i, — m?)

T(p— %) = (63)

2 3
16mm my,

= 2
Voa [Ue(Y'0 = Y'7)iUg) ;[ DEYSIEE |

2 b
mym
U=c,t Ut

where \(z,y,2) = (v +y + 2)? — 4(zy + yz + zz). From the experimental limits (46) one obtains the

following bounds

_ VUl [Uc(Ylo _ YlOT)TUé] mQ
DLYP B} Wl <24x10720 ——A__GeV™', (64
[ ¢ C} 11 Uzct my <2410 (400 GeV)?2 Gev, (64
_ VUl [Uc(ylﬂ o YlOT)TU*] m2
DLY ' E} CHUI < 926x10720 ——A__ GeV™!. (65
{ ¢ C} 12 U;t my < 8 (400 GeV)? € (65)

A comment is in order how phenomenologically preferred values of leptoquark and diquark couplings cope
with the above constraints. Couplings to the electrons should be small and are in particular not bounded from
below, so the constraint from 7(p — 7’e™) can be avoided by putting [DTCYETEE‘;} " effectively to zero.
On the contrary, low-energy leptoquark constraints, especially the (g — 2),,, indicate that [DngTEé} b
could be large in some scenarios [31]. In this case we must require cancellation between the c and ¢ quark
amplitudes that occurs when

[UC(YN _ YIOT)TU(’}]

Viam :
12 td e —4 —0.37i
~N———x27x107" xe . (66)
[Uc (Y10 —Y1OT)iyy]

13 Vea my

This can be achieved since the [UC(Ylo — YlOT)TUé] 15 1s only bounded from above while at the same
time [UC(Ylo — YIOT)TUE] 13 18 bounded from below to satisfy observations in tt production. Finally,
relative phase between the two couplings can be freely adjusted since it is not probed by any experimental
observable to date.

Finally, for the state (3,1, —2/3)%6 present in the flipped SU(5) framework we can easily adapt the
results obtained above since the two states are indistinguishable at low energies, provided we make the

following substitutions
1 _ _
UL —yhug| - S [ulyttug| . [phyPtes| - - [DhytEe) . 6D

To conclude, we note that despite the absence of the tree-level contribution to proton decay of the
(3,1,4/3) state, weak corrections lead to proton destabilizing d = 6 and d = 9 operators. The effect of the

d = 9 operators can be rendered adequately small even in the case of simultaneously large leptoquark and
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diquark couplings, a situation that is favored by observables in ¢¢ production and value of (g — 2),,. This is
achieved by finely-tuned cancellation of two amplitudes. To the contrary, similar cancellation is impossible
in the case of d = 6 operator for p — 7%u* decay and we are required to suppress either all leptoquark
couplings involving p or all diquark couplings. We conclude that the proton decay lifetime constraint allows

to fully address either A%, or (g — 2),, observable with the (3,1, 4/3) state, but not both.

VII. CONCLUSIONS

Lepton and baryon number violating interactions are inherently present within grand unified theories
and are most severely constrained by the observed proton stability. Proton decay can be mediated by vector
or scalar leptoquarks that violate both baryon and lepton number by one unit. Vector leptoquarks that
mediate proton decay have gauge couplings to fermions and are not readily allowed to be far below the
unification scale. For the scalar leptoquarks, however, the freedom in Yukawa couplings gives one more
maneuverability to realize scenarios with light scalar states. On the other hand, the very same Yukawas that
are responsible for proton decay very often need to account for the observed fermion mass spectrum. An
example of a setting with light leptoquark states was presented in [15, 31, 32] where the low mass of the
state (3,1,4/3) had an impact on low-energy flavor phenomenology. Most notably, it was found that by
tuning independently the two sets of Yukawa couplings, namely the leptoquark and diquark Yukawas, one
could reconcile the measured value of forward-backward asymmetry in ¢¢ production and the value of the
magnetic moment of muon.

In this work, we have classified the scalar leptoquarks present in SU(5) and flipped SU (5) grand unifi-
cation frameworks that mediate proton decay. In both frameworks the considered leptoquark states reside in
scalar representations of SU (5) of dimension 5, 10, 45, or 50. We integrate out the above states at tree-level
and parameterize their contributions in terms of effective coefficients of a complete set of dimension-six
effective operators. The mass constraint on the color triplet state contained in the 5- and 45-dimensional
representations is then derived. The precise lower bound depends on the value of the vacuum expecta-
tion values of these representation. For the vacuum expectation value of 100 GeV the lower bound on the
triplet mass is approximately 3 x 10'? GeV. The corresponding bound is derived within the flipped SU (5)
framework which proves to be less constraining, even in the most conservative case.

The two leptoquark states that do not contribute to proton decay at tree-level are (3,1,4/3) and
(3,1,—2/3)"0 in the standard and flipped SU(5) frameworks, respectively. We have estimated their
contribution to dimension-six operators via box diagram and the tree-level contribution to dimension-nine

operators. For the (3,1,4/3) state it has been found that if it is to explain both the anomalous magnetic
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moment of the muon and the ¢¢ forward-backward asymmetry, then the contribution of the dimension-six
operator would destabilize the proton in p — pt7¥ channel. Therefore only one of the two puzzles can be
addressed with this leptoquark state.

Light scalar leptoquarks can be either produced in pairs or in association with SM fermions at the LHC
and are a subject of leptoquark and diquark resonance searches [6, 45—47]. To conclude, we can expect to
find signals of these leptoquark states at the LHC, although it seems very unlikely, in light of the constraints

from the proton lifetime measurements, that they would be observed in a baryon number violating processes.
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