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Heavy and light scalar leptoquarks in proton decay
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We list scalar leptoquarks which mediate proton decay via renormalizable couplings to the standard
model fermions. We employ a general basis of baryon number violating operators to parametrize
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 and the least
conservative lower bounds on the leptoquark masses are then presented. We furthermore single out a
leptoquark without phenomenologically dangerous tree-level exchanges which might explain discrepancy
of the forward-backward asymmetries in 77 production observed at Tevatron, if relatively light. The same
state could also play a significant role in explaining muon anomalous magnetic moment. We identify
contributions of this leptoquark to dimension-six operators, mediated through a box diagram, and tree-
level dimension-nine operators, which would destabilize the 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 gen-
erated ever more stringent constraints on available parame-
ter space for their existence. See, for example, Refs. [1-6]
for some of the latest results. There also exists a large
number of phenomenological studies of leptoquark signa-
tures prompted primarily by various effects they could
generate in flavor physics [7-11]. We are interested in a
particular subset of scalar leptoquark states which are
associated with proton decay. It is well-known that there
exists only a small number of these states which can
simultaneously violate baryon (B) and lepton (L) numbers
[12-14]. The number of scalar leptoquarks which 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 which mediate proton decay cer-
tainly 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 differ-
ent unification frameworks which correspond to the SU(5)
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[16] and the flipped SU(5) [17-19], i.e., SU(5) X U(1),
embeddings of the matter 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 which 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,
Refs. [12-14,17,20-24].) First, vector leptoquarks com-
prise twenty-four states; whereas, the scalar ones comprise
eighteen (fifteen) states in case neutrinos are Dirac
(Majorana) particles. Second, while 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 leptoquarks in either SU(5) or
flipped SU(5) framework. Hence, the scalar sector,
although smaller, can potentially yield much richer struc-
ture with respect to the gauge one. Third, 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 which 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 uncer-
tainties to potential predictions for relevant decay rates.
The leptoquark states which simultaneously violate B
and L quantum numbers tend to mediate proton decay at
tree-level and are therefore taken to be very massive.
However, we have investigated an SU(5) grand unified
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theory scenario [25] which resulted in a setup with a set of
light leptoquarks. Namely, motivated by the need to
explain anomalous events in #f production at Tevatron
[26,27], we have found that a light color triplet weak
singlet scalar could contribute to ¢7 production and explain
the observed increase of the forward-backward asymmetry
[28]. We have accordingly demonstrated that the unifica-
tion of the fundamental interactions is possible if that set of
light scalars is a part of the forty-five-dimensional repre-
sentation [28].

In flavor physics, due to recent accurate measurements at
Tevatron and LHCb, the presence of new physics in B systems
seems rather unlikely. The muon anomalous magnetic mo-
ment, on the other hand, still leaves some room for new
physics contributions. The impact of potentially light lepto-
quark 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 which yield effective d = 6 and tree-
level d = 9 operators which can destabilize the proton.
The natural question then is whether one can simulta-
neously address the ¢f 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 Secs. 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. Section 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
which do not contribute to proton decay operators of
dimension-six at tree level. We conclude in Sec. VIIL

II. LEPTOQUARKS IN SU(5)

The scalars which couple to matter at tree-level reside in the
five-, ten-, fifteen-, forty-five-, and fifty-dimensional represen-
tations of SU(5) because the SM matter fields comprise 10;
and 5 > where i, j=1, 2, 3 represent family indices. Namely,
10,=(1,1,1);0(3,1,—2/3),®(3,2,1/6),=(¢€,u’,Q;) and

5,=01,2-1/2);®(3,1,1/3); = (L; dS), where
Q; = (Mi d; )T

and
Li=(v; ¢)

[16]. Possible contractions of_the matter field representations
hence read 1010 =50 450 50, 10 ® 5 = 5 ® 45, and
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5 ® 5 = 10 @ 15. Theory also allows for the addition of right-
handed neutrinos which 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 nontrivial representations of matter to generate
observed fermion mass parameters in the lepton [33] and
quark [34] sectors. That, however, would not alter our opera-
tor 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]:

i 5=01,21/2)e (3,1, —-1/3);

) 10=(111)e@3 1 -2/3)® (3,2 1/6);

(i) 15=(1,3, )®(3,2,1/6)® (6,1, —2/3);

(iv) 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);

(v) 50=(8,21/2)®(6,1,4/3)® (6,3, —1/3)®

(32 -7/60)3,1—-1/3)® (1,1, —2).

Only 5, 15 and 45 contain electrically neutral com-
ponents and are thus capable of developing phenomeno-
logically viable vacuum expectation values (VEVs).
Contributions to the up-quark, down-quark, and charged
Iepton 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 which 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 parti-
cles. 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)—which is found
in the 10 of SU(5) which violates both B and L and could
thus also destabilize the proton. To that end, we consider
both the Majorana and Dirac neutrino cases to keep the
analysis as general as possible. Altogether, there are eight-
een (fifteen) scalar leptoquarks which could mediate pro-
ton 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, I1I, and IV, summarize couplings to the
matter of relevant states which reside in fifty-, forty-five-,
ten-, and five-dimensional representations, respectively.

We observe that in the SU(5) framework the primary
obstacle to the proton stability seems to be the need to

TABLE I. Yukawa couplings of the B and L violating scalar in
the fifty-dimensional representation of SU(5). a, b, ¢ =1, 2, 3
(i, j = 1, 2, 3) are color (flavor) indices. Y,.lj0 are Yukawa matrix
elements associated with the relevant contraction in the group
space of SU(5).

SU(5)
31L-1/3)=A

Y1910,10,50

127126, [Y]0 + Y}P1dl Cuy A,
37120y 10 + v 10leCT Cul A,
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TABLE II.
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Yukawa couplings of the B and L violating scalars in the forty-five-dimensional representation of SU(5). a, b,c = 1,2, 3

(i, j =1, 2, 3) are color (flavor) indices. ¥ and Y, f] are Yukawa matrix elements.

SU(5) ¥1910,10,45 Y3,10,5,45°
3,1,-1/3) 2'/2[Y}}’ =Yl Cul A, 2*'Y§jeabcugl.TCd,fjAj
K —27'Yjul;Ce; A
271y} CA;
21/26ab(r[Yj/‘() - Y/llo]dZ;lCdb]Al Y[SJI,{Z[CV]A}/I*
3,3,-1/3 - .
( _ /3) —2€u [V} = Y101dl Cuy ;A2 2712y ul Ce; A
(A, A2 A?) 2712y3dl.Cv;AY
=212, [Y}9 — Y10Tul,Cuy; A3 —Y3dl,Ce; A
(3,1,4/3) 2120y )0 — ¥ 10]e peull CulA, —Y5eSTCdS A
A
TABLE III. Yukawa couplings of the B and L violating scalar III. LEPTOQUARKS IN FLIPPED SU(5)

in the ten-dimensional representation of SU(5). a, b, ¢ = 1,2, 3
(i, j = 1,2, 3) are color (flavor) indices. Y}; and Y7, are Yukawa
matrix elements.

SU(5) Y/,10,1,10° Yi5,5,10
31,-2/3)=A  YuSTCSA,  27V2€,, Y5dSI CdS A,

YS — _Y3T

generate Yukawa couplings relevant for the charged lepton
and down-quark masses. These receive equally important
contributions from the 10,5;5* and 10,5,45* 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 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 viable up-quark masses but the price to pay is
resurrection of the proton decay issue. To conclude, the
only operator which can be considered innocuous in the
Majorana neutrino case is the 10;10,45 contraction.

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 sixteen-
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 which resides in SU(5) and an extra U(1) gen-
erator as if both of these originate from an SO(10) —
SU(5) X U(1) decomposition. This guarantees anomaly
cancellation at the price of introducing one extra state
per family, i.e., the right-handed neutrino v€. The transi-
tion between the SU(5) and flipped SU(5) embeddings is
then provided by d€ < u®, ¢ v, u—>dand v — ¢
transformations. Flipped SU(5) thus predicts the existence
of three right-handed neutrinos as these transform non-
trivially under the underlying gauge symmetry.

The matter fields in flipped SU(5) comprise 107!,
53 and 15, where the superscripts correspond to the
extra U(l) charge assignment. To obtain the SM
hypercharge Y one uses the relation Y = (Y(U(1)) —
Y(U(1)sys)))/5, where Y(U(1)) and Y(U(1)gys)) represent
the quantum numbers of the extra U(1) and the U(1) in

TABLE IV. Yukawa couplings of the B and L violating scalar in the five-dimensional
representation of SU(5). a, b, c=1,2,3 (i, j =1, 2, 3) are color (flavor) indices. Y0, Y3,

and Yl-li are Yukawa matrix elements.

1 1]

SU(5) Y}010,10;5 ¥310,5;5" Y)51;5
G 1L-1/3)=A 2, [Y}) + Y]P1dl,CuyiA, 2*1/Zec,bL.Y§ju5,TCd,fjAf. vidSICv§A,
—2[Yl-1j0 + Y}?]eETcng 271/2Y§ju£iCejAf,

—2712y5.dl.Cv ;AL
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TABLE V. Yukawa couplings of the B and L violating scalar in
fifty-dimensional representation of flipped SU(5). a, b, ¢ = 1, 2,
3 (i, j=1, 2, 3) are color (flavor) indices. Yl.ljo are Yukawa
matrix elements.

SU(5) X U(1)
(3,1, —-1/3)72

Y1010;110; 1502
12712, [Y10 + YOl Cd,;A,
—-1/2ry10 107,,CT C
3712y + YO ET CdS A,

Bl

SU(5) — SU(3) X SU(2) X U(1), respectively. One then
obtains the electric charge as usual, Q = Y + T;.

The scalar sector which can couple to matter directly is
made out of 5072, 4572, 157° 107°, 572 and 170,
Representations which can generate contributions to the
charged fermion masses and Dirac neutrino masses are
4572 and 57%; whereas, Majorana mass for neutrinos
can originate from interactions with 157°. Leptoquarks
which violate B and L reside in 5072, 4572, 572
and 10"° with relevant couplings to matter given in
Tables V, VI, VII, and VIII, respectively.

In flipped SU(5) the main obstacle to matter stability
is the generation of the up-quark masses. Namely,
these can be generated through 10;'5735""> and/or
10;'5;345"*> contractions. Both of these are dangerous
as far as the proton decay is concerned as can be seen from
Tables VI and VII. All other contractions, in the Majorana
neutrino case, are actually innocuous.

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 which violate B and L by 1 unit. They
are summarized below:

TABLE VI

and Y f] are Yukawa matrix elements.
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Oy(d,, ep) = ald,, eg)u" LC7'd ,u"LC e, (1)

Oy(d,, eg) = a(d,, eg)uTLC_ldangrLC_luC*, 2)
0u(dS, ep) = a(dS, eg)dSTLC™ S uTLC ey, (3)
Oy (dS, eg = a(ds, eg)dS*LC_luC*egfLC_luC*, 4)
Oyldy, dg, v;) = ald,, dg, v)u' LC™'dodjLC™ v, (5)
Op(d . dS, v) = a(dy, d§, v)d5 LC™ uC*dLLC y;, (6)

Opldg, d§, v6) = ald,, d§, vOu'LC™'d, v LC 1S,
(7)

0y(dS, d§, v¢) = a(dS, dS, vE)dG LC uCv{TLCdS",
3)

Here, i(= 1,2,3) and «, B(= 1, 2) are generation indices,
where all operators which involve a neutrino are bound
to have a + B8 <4 due to kinematical constraints.
L(= (1 — ys)/2) is the left projection operator. The
SU(3) color indices are not shown since the antisymmetric
contraction €,,.q,4qpq. 1s common to all the above listed
operators. The last two operators are relevant only in the
case when neutrinos are Dirac particles or when right-
handed neutrinos are sufficiently light. 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 lep-
toquark exchange [24]. To that end we first specify our
convention for the redefinition of the fermion fields which
yields the up-quark, down-quark, and charged lepton mass

Yukawa couplings of the B and L violating scalars in forty-five-dimensional
representation of flipped SU(5). a, b, c = 1, 2,3 (i, j = 1, 2, 3) are color (flavor) indices. Y;

0
J

SU(5) X U(1)

Y/910; 1101452

Y510,5;3457+2

(3,1,-1/3)72 212[y 10 — Y I01wCTCdS A, 27175 €4 dST Cul A
i —27'VidlCyA;
2_1Yi5ju£iCejAZ
21/26¢zbc[Yi1j0 - le'io]ugicubjAg YisjdgicejAz*
3,3,—1/3)72 -
( _ /3) —2€u [V} — Yl Cd, ;A2 2712y dl Cv A%
(A1, A%, A%) 2712Y5ul Ce; A2
ij%ai~Cj=a
—212€,, [Y}0 — ¥Y!01dl.Cd,;A} —Yiul,Cv; AL
(3,1,4/3)72 212[¥ 10 — ¥10]e . dST CdS A —Y;vETCul A
A
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TABLE VIIL
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Yukawa couplings of the B and L violating scalar in a five-dimensional

representation of flipped SU(5). a, b, c =1, 2, 3 (i, j =1, 2, 3) are color (flavor) indices.

Y}jo, Y5 and Y1 are Yukawa matrix elements.

SU(5) X U(1) Y1910/ 1107572 Y310/ 15735442 Yi57317%572
B L —1/3)2  —2eu [V + YWl CdyA, 27V €., Y5dSTCuS AL YhuSTCeSA,
z =2[Y}) + ¥ )1 CdS A, 2712y3dl CyA,
—2712¥3ul.Ce; A
— M 1 . .
matrices in physical basis: My p g — My}, ;. These are a(dy, d$, v)) = — DLV UL g1 (DTYN) . (12)
ULMyU = M, DIMpD = M3, and ELMGE = 4my
di .. . o
Mg*™. The quark mixing is U 'D = Vyp = K VexmKa, The relevant coefficients for =(3,1,—-1/3)
where K| and K, are diagonal matrices containing three  from 5 are
and two phases, respectively. In the neutrino sector we 5
have NZMyN = M3 (NTMyN = M%) in the case of aldy ep) = __22(UT(Y10 +YON)D) L (UTV3E) 5 (13)
Dirac (Majorana) neutrinos. The leptonic mixing EfN = my
Veny = K3Vpuns Ky in case of Dirac neutrino, or Vgy =
K;VPMNS in the Majorana case. K5 is a Qiagonal matrix a(d,, eg) - _ iz(UT(YIO +Y'OT\D)y,
containing three phases; whereas, K, contains two phases. my
Vekm  (Vpmns) 18 the  Cabibbo-Kobayashi-Maskawa tru10 10T+ 7 7
(Pontecorvo-Maki-Nakagawa-Sakata) mixing matrix. X (Ec(Y™ + YE)TUO 1, 14
A. Tree-level exchange (d = 6) operators in SU(5) a(dg, ep) = m 2 (D¢ Lty c)al(UTYSE)IB’ (15)
The only relevant coefficient for A = (3,1, —1/3)
from 50 is V2 LT "
| a(ds, €§) = s (DEYTUE) (i (EL(Y'O + YOI U2) 4,
a(dy, €§) = —5 (UT(Y'* + Y'*T)D),, "
¥~ o ! (16)
X (ELY' + Y'N)TUR) g, ©) y
— T(y10 10T Ty5
where m, is a mass of leptoquark in question. (See Table I a(dy dg,vi) _m_2A(U YO+ YD) (DTYN) i, (17)

for details on notation for Yukawa couplings of the fifty-
dimensional representation to the matter.)

The relevant coefficients for
from 45 are

=31 —-1/3)

1 _ _
a(dS, eg) = W(DLY” U (UTY3E) 15, (10)
A

a(ds, eg =

Ot (B —

1 *
2m2 Y'OOYUE) g1,
A
(11)

TABLE VIII. Yukawa couplings of the B and L violating
scalar in ten-dimensional representation of flipped SU(5). a, b,
c=1,2,3(,j=1,2,3) are color (flavor) indices. Y},— and Yf/-
are Yukawa matrix elements.

SU(5) X U(1)
(31 -2/3)*°=A

Y107115510%° Y357357310%6

2—1/2

Yl dCTCeCA*

5, CT
ij%ai € ch CubjA

ij Ugi

YS — ,YST

a(dy, d§, v;) = — (D*YS*UC)m(DTYSN)m, (18)

( dC C) — _(UT(YIO + YIOT)D)la(NTY TDE)tB’

A
19)

a(dS, d§, ve) = - (DLYYUL) i (NLY'T DY) . (20)

1
V2m3

The relevant coefficients for A% € (3,3, —1/3)
from 45 are
3 _
o) =20~ VOND) (U FE) 5, 21)
AZ
5 _
a(d, dg, v;) = — MLQ(UT(YIO = Y'")D),(DTY°N)g;.
AZ
(22)

015013-5
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Al € (3,3, —1/3)

The relevant coefficient for

from 45 is
242 z
a(d,,dg,v;) =M—{(UTY5N)15(DT(Y10 —Y'"")D)g,, (23)
Al

where the extra factor of 2 comes from two terms in Fierz
transformation

(sCLd)(v°Lu) = —(uCLs)(v°Ld) — (uCLd)(xCLs).
(24)
The only relevant coefficient for A = (3,1, —2/3)
from 10 is
a(dS, d§, v€) = — DL’ — Y)tDL) g,
( 0= e DY)
X (N}Y”Ug)“. (25)

Finally, A® € (3,3, —1/3) and (3,1,4/3), both from
45 of SU(5), do not contribute to proton decay 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 effec-
tive d = 6 level. We present a systematic study of these
contributions for the (3,1,4/3) case in Sec. VI. There,
we also spell out contributions of the (3, 1, 4/3) leptoquark
to dimension-nine tree-level proton decay amplitudes.
Equivalent contributions of A® € (3, 3, —1/3) are not pur-
sued since the components A! and A? from the same state
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
from 5072 is

=31,-1/3)?

1
aldg dfy 1) = 5 5 (UT(V + YOT)D);,

X (N*(YlO + Y1) DY), . (26)

The relevant coefficients for A = (3,1, —1/3)72 from

4572 are

1 B, .
a(dS, eg) = W(DEYS*U;;)M(UTYSE), PN )
A

1 . _

Cl(da, d%, Vl') = — W(Dzys* Uz)'B](DTysN)ai, (28)
a(dg, dg, vf) = (DLY>UL) g
\/— 2 C c/'p

x(Né(Y“) YD) (29)

PHYSICAL REVIEW D 86, 015013 (2012)
A=@31-1/3)72

The relevant coefficients for

from 572 are

V2 .
a(da, EB) = W(UT(YIO + YlOT)D)la(UTY5E)IB’ (30)
A

2
ald,, ef) = m—z(UT(Y'O + Y'T)D) (ELYTUE) 1,
A
(31)
a(dS, eg) = (D*YS*UC)M(UTYSE)IB, (32)
1 _
a(dC, ) = (DLYS*U:) (ELYTTUZ) (33)
@ €p c c/al\Ec c/BL>
V2m
— 2 _
a(dar dﬁ’ Vi) = m;z/_(UT(Ylo + Y]OT)D)IQ(NTYSTD)I'B’
A
(34)
_1 _ _
a(dg, d§, v)) = — (DLY*UL) i (DTY’N) i, (35)
ZmA
C .0\ — —4 T(v10 10T
a(da’ d'B: Vl‘ - _2(U (Y + Y )D)la
my

X (N0 + YOI DE) 5, (36)

V2

aldg, dg, vf) = 7(DEY5*UE)1B

X (NC(Y10 + Y D%) . (37)

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

V2 .
a(d,, eg) = — e (UT(Y'" = YD), (UTY’E) 3,
AZ
(38)
2 _
a(d,, dg, v;) = — \/2_ (UT(Y'0 = YD), (DY N) g;.
M3,
(39)

The relevant coefficient for A' € (3,3, —1/3)"2 from
4572 is

242 :
ald,, dg, v;) = M—\[(U"rYSI\’)l,'(DT(Y10 — Y'")D)g,,
Al
(40)

where the extra factor of 2 comes from Fierz transforma-
tion (24).
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The only relevant coefficient for A = (3,1,4/3)72
from 4572 is

242

Cl(dg, dg, VI-C = - M—Z(U2Y§TN2)11
A]
X (DEY'O — Y'Y DY),p  (41)

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

The relevant coefficients for (3, 1, —2/3)*® € 10" and
A3 € (3,3, —1/3)"% € 4572 are not present at the leading
order due to antisymmetry of the couplings to the up-quark
pair. The higher-order contributions of the former state are
discussed in Sec. VI.

V. LEADING-ORDER CONTRIBUTIONS

Scalar fields couple to matter through Yukawa cou-
plings. This introduces uncertainties to predictions related
to any process which involves scalar leptoquark exchange.
It is thus natural to ask if, and when, it is necessary to have
leptoquark masses close to a scale of grand unification. We
will address this issue in the SU(5) and flipped SU(5)
frameworks in what follows.

A. Color triplets of SU(5)

If the Yukawa sector relevant for proton decay through
scalar exchange is not related to the origin of fermion
masses and mixing parameters, one cannot make any
firm predictions. For example, all operators which
correspond to the exchange of the triplet scalar in the
five-dimensional representation of SU(5) can be com-
pletely suppressed if (UT(Y'" + Y'°")D);, =0 and
(DZYS*UZ)M =0, @« =1, 2, in the Majorana neutrino
case. (Recall, it was the exchange of this scalar which
has led to the so-called doublet-triplet splitting problem
within the context of the Georgi-Glashow SU(5) model
[16].) The suppression is certainly viable if the entries
of U, U¢, D, D¢, Y'°, and Y° are all free parameters.
The first set of conditions can be ensured if, for example,
Y19 = —y19T 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 Ref. [24].

Things, however, change in models where the connec-
tion between Yukawa sector and fermion masses 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 the partial proton lifetimes for processes pre-
sented in Table IX imply for the masses of color triplets if
the theory is to be viable with regard to the fermion mass
generation. We analyze all these decay modes to make our
study as complete as possible.

PHYSICAL REVIEW D 86, 015013 (2012)

TABLE IX. Experimental bounds on selected partial proton
decay lifetimes at 90% C.L.

Process 7, (10% years)
p— et 13.0 [37]
p—mut 11.0 [38]
p— KOt 1.0 [39]
p—Kou™ 1.3 [39]
p— net 4.2 [40]
p—p’ 1.3 [40]
p— Ty 0.025 [41]
p— Ko 4.0 [37]

We demand in what follows that the theory is renorma-
lizable and thus neglect the 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
and mixing parameters. 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., My pr = M} . This
then allows us to consider two particular scenarios. The
first (second) one represents the case when the contribu-
tions of the (3,1, —1/3) state from the five-dimensional
(forty-five-dimensional) representation dominates. Our
analysis is self-consistent as the symmetric mass matrix
assumption eliminates contributions to proton decay of all
other color triplets. Note also that any mixing between the
triplets can be accounted for by simple rescaling of rele-
vant operators.

1. The charged antilepton final state

We start our analysis with proton decay due to exchange
of the triplet state from the five-dimensional representa-
tion. To find widths for the charged antileptons in the
final state, one needs to determine a(d,, eg), a(d,, eg),

a(dS, eg), and a(dg, eg). If the Yukawa couplings are
symmetric, the relevant input for these coefficients reads
1

\/Evs

(UT(Y'0 + YOT)D),, = — (M3 Vyp)ie  (42)

= 1 i * i
(UTYE)ip = =5 BVipMp=VipUs + UsME™)p,
5
(43)

o 1 i 5 gdi
(DY U0y = =5 - BMp* VL + VEpUsM* Ul

(44)

1 i
(T + Y'Y U*) g = — —=—(UIM™) 1, (45)

\/ivs
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where U, = UTE* and v5 represents the VEV of the five-
dimensional representation. U, entries and vs are primary
sources of uncertainty. Our normalization is such that
lus|?/2 + 12|vys|> = v?, where v(= 246 GeV) stands
for the electroweak VEV. v,5 is the VEV in the forty-
five-dimensional representation. A connection between
Yukawa couplings and charged fermion mass matrices is
spelled out elsewhere [31].
We outline details of our calculation using the
p— egwo channels. Here, § = 1 (6 = 2) corresponds to
* (u™) in the final state. The decay widths formulas we
use are summarized in Ref. [24]. For these particular
channels, we have

(m3, 0)2
64 m

+ Ba(df, €5)|2 + |aa(d,, €5)

+ Ba(dsS, €$)I)(1 + D + F)?, (46)

I(p—efn’) = (lea(d,, e5)

where « and S are the so-called nucleon matrix elements.
(See Sec. VI for more details on a and B.) F + D and
F — D combinations are extracted from the nucleon axial
charge and form factors in semileptonic hyperon decays,
respectively [42,43]. We take f, = 130 MeV, m, =
938.3 MeV, D = 0.80(1), F = 0.47(1), and a« = — 8 =
—0.0112(25) GeV? [43].

The uncertainty in predicting partial decay rates persists
even in the minimal SU(5) scenario with symmetric
Yukawa couplings. This is evident from the U, dependence
of p — e 7° partial decay widths

( 2_m 1J)2

647Tf727. (Vup)n

I(p—efn’)=

mp vsmA

3 t %7 gdiag 771 2
X mu+1md +Z(VUDU2ME U2)11
| (VipMeyE U

+- (Uszlag)m

2
+4|mu(U2>15|2)
X(1+ D+ F)>.

One can suppress (enhance) I'(p — egwo) with regard to
U, numerically to generate the least (most) conservative
lower bound on the mass of the scalar triplet in the five-
dimensional representation of SU(5). This, however,
should be done simultaneously with all other partial decay
modes to generate a self-consistent solution. We will do
that after we address proton decay into neutral antileptons
in the final state. The important point is that even in the
case of symmetric Yukawa couplings one cannot test the
SU(5) theory when 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].

PHYSICAL REVIEW D 86, 015013 (2012)

Nevertheless, we can already outline how one can find a
maximum of ['(p — e} 7°) with regard to U, to obtain the
most conservative bound from the model building point of
view, on m, without resorting to elaborate numerical
analysis. The idea is to have Yukawa couplings of the third
generation contribute as much as possible towards relevant
amplitudes. The only possibility to achieve that is to make

the 11 element of U;M3*2 U matrix in Eq. (44) as large as
possible. This can be done with a simple ansatz

0 0 1
Uy,=U'E*=|0 1 0|, (47)
1 00
to obtain the following simplified expressions:
3m,a?
I(p— et nd) = WKV[JD)H' mbmz
X (1+ D+ F)?%, (48)
3m,a?
I(p— p*a) = WKVUD)M mim;
X (1+ D + F)~. (49)

Interestingly enough, these expressions when combined
with experimental input yield comparable bounds on the
mass of the leptoquark in question.

In the previous analysis it was assumed that contribu-
tions to proton decay of the triplet in the five-dimensional
representation dominate over contributions of triplets in
the forty-five-dimensional representation. Let us now see if
and when that is truly the case. Our assumption that the
mass matrices are symmetric implies that the only other
contribution to p — e} 7 (8§ = 1, 2) channels originates
from exchange of the (3 1, —1/3) state in the forty-five-
dimensional representation. In fact, the only relevant co-
efficient is a(dS, eg) with the following entries:

_ 1 .
(DYYStU") = — (v usmieut
dvys
— M5EVEp)an, (50)
(UTY’E)5 = (UszE‘ag VipMy VL Us) g (S1)

4vys
The color triplet contribution to p — egﬂ'o accordingly
reads

2
mpa

+ -0 —
1—‘(p—>657T)—21877_](21}22’/”1
45

2
I (VUDUszlagU;r)ll = (Vup)umy

|(U2Mg‘ag VipMOEVE U s

X (1+ D+ F)?
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where v, represents the VEV of the forty-five-dimensional
representation. With the ansatz given in Eq. (47) we obtain
the following expressions:

2

m,a
L(p—etn’) = X ; o, |(Vyp)isPmim?
Tr 45 A
X (14 D+ F)? (52)
m,a*
I(p— pa’) =~ CIEPs e —y |(Vyp)ial*mim3
mVa5Mp
X (14 D+ F)>2 (53)

These should be compared with corresponding results for
the exchange of the triplet in the five-dimensional repre-
sentation given in Egs. (48) and (49) to obtain

[(p — efm°)3 Uss\4
(o= etmme),. ~7o(5)

6=12 (54

I'(p—esm Us S
We see that the five-dimensional triplet dominates over the
forty-five-dimensional triplet for moderate values of vs if
all other relevant parameters are the same.

2. The neutral antilepton final state

In order to incorporate p — 7+ ¥ and p — K1 » decay
modes in our study we note that one is free to sum over the
neutrino flavors in the final state. The relevant coefficients
which enter widths for these decays are a(d,, dg, v;) and
a(d,, dg, v;) when the exchanged state is the triplet in the
five-dimensional representation. To find them, we need

5 dia s
(DTYN)gi = — =— GBMp eV Us Vi

2'U5

+VipU zM}jsiagVEN) Bir (55)

where the relevant sums yield

> (DY N)i(DTYN)y, =

i

1 ‘ i} A
- mZGM?)mgV{/DUz + VLTJDUszEmg)aj
: 5

X BMYEVI Uy + Vi UsME®) ;. (56)
The upshot of these results is that widths for decays with
neutral antilepton in the final state again depend only on U,
as far as the mixing parameters are concerned. One can
maximize amplitudes for p — K*% and p— 7" v by
taking the contributions proportional to m, in Eq. (56)
and using the same ansatz for U, as before. We find that
I'(p — K" v) dominates over widths for proton decays into
charged antileptons. It reads

PHYSICAL REVIEW D 86, 015013 (2012)
(m3 — mK+)2 @ m‘;'V "
12877']‘2 v mi upJiz

x[1+ P ]
2msy 2

(57)

I[(p— K"p) =

This is an important result. It tells us that the most con-
servative bound on the scalar sector comes from the proton
decays into neutral antileptons in the final state.

If one compares the most conservative contributions
of the triplets in the five-dimensional and forty-
five-dimensional representations towards p— K'7p
one obtains

— Ktp) 4
(—F(p K'7) ) - 1024(2).

58
I'(p— KTp)» Us (58)

Again, the five-dimensional triplet dominates over the
forty-five-dimensional triplet for moderate values of vs.

We can now numerically analyze all the decay modes
given in Table IX to find the current bounds on the triplet
mass in SU(5) with symmetric Yukawa couplings. We
take values of quark and lepton masses at M , as given
in Ref. [44], and neglect any running of the relevant
coefficients, for simplicity. These effects can be ac-
counted for in a straightforward manner. The CKM
angles, when needed, are taken from Ref. [41]. We
have randomly generated one million sets of values for
nine parameters of U, unitary matrix and five phases of
Vyp to find the bounds presented in Table X. As it turns
out, it is p — K* 7 which dominates in all instances.
With that in mind we can write that the most and least
conservative bounds read

a )1/2(100GeV
0.0112GeV?

my>1.2X 1013< )GeV, (59)

Us

1/2
mA>1.5><10“< “ )(100Gev

0.0112GeV? ) GeV.  (60)

Us

To summarize, if one is to maximize contributions
from the triplets in the five-dimensional and forty-five-
dimensional representations towards proton decay within
renormalizable SU(5) framework with symmetric mass
matrices, the current bounds on the triplet mass scale are
given in Egs. (59) and (60) if the color triplet in § of Higgs
dominates in the most and least conservative scenario,
respectively. In other words, any SU(5) scenario where
the triplet scalar mass exceeds the most conservative bound
of Eq. (59) is certainly safe with regard to the proton decay
constraints on the scalar mediated proton decay. If the
triplet is to be lighter than that, one needs to explicitly
check if particular implementation of Yukawa couplings
allows for such scenario. The five-dimensional triplet
dominance is determined through relations given in
Eqgs. (54) and (58). Finally, if the triplet mass is below
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TABLE X. The least conservative (second column) and the
most conservative (third column) experimental lower bounds on
triplet mass in the five-dimensional representation of SU(5) with
symmetric Yukawa couplings.

Channel my (GeV) my (GeV)
p— 7TOe+ 1.9 X 10'° 4.9 X 102
p—mut 2.8 X 1010 5.4 X 102
p— K%* 1.7 X 1010 1.5 X 102
p— Kou™* 2.0 X 10%° 2.1 X 102
p— ne’ 1.1 X 1010 4.0 X 10"
p—nu’ 7.2 X 10° 2.7 X 101
p—o Tt 2.2 X 10%0 8.0 X 1012
p— Kb 1.5 x 10" 1.2 X 1013

the least conservative bound of Eq. (60), the SU(5) model
is not viable.

B. Color triplet in flipped SU(5)

Flipped SU(5) is well-known for the so-called missing
partner mechanism which naturally addresses scalar medi-
ated proton decay by making the triplet scalar in the five-
dimensional representation heavy enough. Be that as it
may, the operators associated with the triplet exchange
can be suppressed with ease if (U7 (Y'? + Y'")D),, =0
and (DZYS* U¢)ar = 0, @ = 1, 2, in the Majorana neutrino
case. Note that 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.

The operator suppression can be implemented only if
the Yukawa couplings are treated as free parameters.
That is not the case in the minimal realistic version of
flipped SU(5) theory where Yukawa couplings are re-
lated to fermion masses and mixing parameters. In the
minimal scenario it is sufficient to have only one five-
dimensional scalar representation present to generate
realistic charged fermion masses. We accordingly ana-
lyze predictions of a flipped SU(5) scenario with a single
color triplet state. To be able to compare the flipped
SU(5) results with the case of ordinary SU(5), we again

take My pp = M p

1. The charged antilepton final state

We get the following result for the p — ef 7% (8 = 1,2)
partial decay widths:

m
I'(p— 6;3*770) ~ 64 pfz |(VUD)ll(md mu)|2
X 4(my + m%)l(Uz)mlz( + D+ F),

(61)

where vs(= /2246 GeV) represents the VEV of the five-
dimensional representation. Interestingly enough, if U,

PHYSICAL REVIEW D 86, 015013 (2012)

takes the form given in Eq. (47), it would yield suppressed
partial decay widths for p — efn°, § =1, 2. In other
words, the setup which enhances partial proton decay rates
with charged antilepton in the final state in SU(5) frame-
work suppresses corresponding rates in flipped SU(5).

If we want to be conservative with regard to the limit
on my, it is sufficient to maximize relevant decay widths.
This can be done by taking (U,);5 = 1forp — ez 7" (8 =
1, 2) to obtain

a

0.0112 GeV?

This limit comes out to be significantly weaker with
respect to the corresponding limit we presented in the
SU(5) case.

1/2
mp > 3.6 X 1010( ) GeV. (62)

2. The neutral antilepton final state

To find decay widths for p— 7" 7 and p— K'p
channels, we need to determine the form of a(d,, d B v;)
and a(d,, dg, v;) coefficients. In the minimal model with
symmetric mass matrices the relevant input reads

oy +y"np),, = (VUDMgag)lou (63)

f vs

(DTYgN),Bi (VUDMdlagUEVEN)Bi’ (64)

(DY U*) g = —(VUDMC‘”‘%, (65)

with the following sum over neutrino flavors:

Z(DTYSMM(DTYS Vg = 2(ng(M?}‘“WV;;D)aﬁ.
Us

(66)
The sum over neutrino flavors in the final state eliminates
dependence on U,—the matrix which represents mismatch
between rotations in the quark and lepton sectors—Ileaving
us with decay widths which depend only on known masses
and mixing parameters. This makes minimal flipped SU(5)
with symmetric mass matrices rather unique. We find the
following limit on the triplet mass which originates from
experimental constraints on p — K* ¥ channel:

1/2
my > 1.0 X 1012( * ) GeV.  (67)

0.0112 GeV?

The fact that p — 7" ¥ is also a clean channel in the
sense that it depends only on the CKM angles and known
fermion masses means that the minimal flipped SU(5)
predicts ratio between I'(p — 7+ %) and T'(p — K* D).
We find it to be

I'(p— 7" p)
I'l(p— K" p)

This result is not sensitive to exact value of the nucleon
matrix elements and running of relevant coefficient. It thus

= 9.0. (68)
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represents firm prediction within the framework of the
minimal flipped SU(5) with symmetric Yukawa couplings.

VI. HIGHER-ORDER CONTRIBUTIONS

In the SU(5) framework the states (3,1, 4/3) and A3 €
(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
¢ or t quarks which produce B number violation in charm
or top decays [45], but these operators do not affect the
proton stability due to large masses of ¢ and ¢ quarks.
However, an additional W boson exchange opens decay
channels with final states which are kinematically acces-
sible 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 in Fig. 1.
In the literature, proton decay mediation involving W
boson exchanges were considered in Refs. [45-47]. We
calculate the box diagram in the approximation where we
neglect external momenta; however, 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:

G )
F Z[Ué(ylo _ YIOT)UE']IJ

B 4 my, m

X [DE‘YSTE*C]kﬁmu] Vjamdk V:k‘,(xA’ xu/-: xdk),
(69)

G
C ) — — F E' t(yl10% _ y10tyrr=7. .
a(da; dﬁ’ Vl) 4772m%,v ; [UC(Y Y )Uc]lj

X [DngTEz]ﬁ,-muj Vit J(xa, Xy, X¢,)-
(70)

d,s

FIG. 1.
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Here, V = Vg, 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 x;, = m2/m%,)

Jooy2) = 0~ Yylogy (z — 4)zlogz
> G-1Dy—x0—-2 GE-DE-y(z—x
(x — 4)xlogx an

(=D =y —2)

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 x¢,, x,, < 1, and find

1 xpy — 4 x, — 4
logxy — logx; |[.

xa — X Lxp — 1 x, — 1
(72)

J(xp, X, X¢,) =

When both fermions are light compared to W, the J func-
tion takes the following form:

1 -4
J(xp, Xy, xg) = —[xA — logxpy + ——
XA LXA 1 xuj xgl_

X (xg, logx,, — x,, logxuj)]. (73)
Contributions of the up-quark Yukawa couplings are
weighted approximately by m, V;, for j =2, 3 which
run in the box. The large mass of the ¢ quark comes with
small element V,; which makes this product of the same
magnitude as m_.V,,. Similar cancellation between mass
and CKM hierarchies occurs for the down-quarks where
the weights obey m,;V,; ~ m,V,; ~ m,V,,;.

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
(DEYSTE*C)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 contributions to other down-quark
and charged lepton observables [31]. In addition, the CDF
and D@ measurements of forward-backward asymmetry in
tt production can be explained by a large diquark coupling
(UE(YIO* —Y''YU%)5 ~2 to wut quark pair [28].
Additional couplings between uc and ct quark pairs are
constrained by charm and top physics processes and their

d,s v

u d, s

Box diagrams with (3, 1, 4/3) state which generate d = 6 operators of flavor uud€ and uddv.
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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. However, for a light mass
and with the above-mentioned 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. (70)]. 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 para-
graph, all down quarks in the box which couple to external
muon have similar weights which come from loop dynam-
ics and CKM factors. As a result, the hierarchy of d;
contributions to the amplitude follows very closely hier-
archy of the leptoquark couplings (DEYSTEZ),Q and the
required cancellation cannot take place between the dif-
ferent down-quarks in the box. Likewise, cancellation
between ¢ 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 in Fig. 2. Decays of this type
have been already mentioned in Ref. [45]. We focus here
on the final state with a single charged lepton whose decay
width is most severely bounded experimentally. In this case
the following d = 9 effective operator is obtained:

_SGFVUaV:'y [UC(YIO _ Y]()T)-r Uz]lU

D — i

U=c,t mynty
X [DEYSEL] i€ e uS v Ldy)(dS5RE)

X (d—ky’yMLMk)'

.[:9:

(74)

Here U labels c or t quark, whereas external leptons i, j =
1, 2 and down-type quarks a, 8, v = 1, 2, are all light. a,
b, ¢, k are SU(3) color indices. R(= (1 + ys5)/2) is the
right projection operator. We focus immediately on best
constrained channels, i.e., p — 77'°€i+, and we set a, B,
v = 1. The use of Fierz transformations leads to the am-

plitude with scalar bilinears

U d,s

PHYSICAL REVIEW D 86, 015013 (2012)
8iG
Ugc,tmimU
X [DEYSYEL]1 Vi Vig€ae{ € | (€5 Ru,)
X (d_deC)(u_,deb)lm + tensor terms. (75)

0ot .
Mg = [Uc(Y'? = YD) U]y

One can estimate the above matrix element by employing
the vacuum saturation approximation. We insert the current
d,Rd, between the vacuum and 7 and end up with product
of pion creation and proton annihilation amplitudes. The
tensor terms which are invoked by the Fierz relations
in Eq. (75) cannot contribute in this case. The vacuum-
to-pion amplitude is

—im%f s

O)dRd.|0) =
(m|d;Rd.|0) N

S ko (76)

whereas the full amplitude is
M p—mle} _ Z - \/EG F
9 2

o [Uc(Y'? = YOO U]y
U=c,t AU

i 2
X [DEYSTEz]IiVUdV;d itk

X €l |(uSLd,)(€CRu,)|p). (77)

The annihilation matrix element of the proton in
Eq. (77) has been most precisely evaluated using lattice
QCD [48]. These authors have introduced operators

o’ = €ac(uSTd,)T"s, and defined constant « as
—(0105g,1p).

where u,, is the Dirac spinor of the proton. The recent value

of a obtained from lattice QCD calculation with domain
wall fermions [43] is @ = —0.0112(25) GeV?. The decay
width is then

[(p— 7€)

G2t o Mo ) o+ — m2)

(78)

aRup =

167m? m
% Z VyadlUc(Y'" — YIOT)TUELU[DEYETE*C]U 2
2
U=c,t mymy

(79)

uw d,s

FIG. 2. d = 6 proton decay operator induced by tree-level (3,1, 4/3) € 45 and W exchanges.
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where Ax,y,2) = (x +y+ 2% — 4(xy + yz + zx).
From the experimental limits in Table IX one obtains the
following bounds:

Z V[Ue(Y' = YOOt ye],
my

[DLYSTEL],,

U=c,t
2

<24x1020___"A

M Gevl 80
(400 GeV)? ¢ (80)

z VilUe(Y'? — YOOty
my

| [DLYSEL],

U=c,t

2
KN

(400 GeV)?

A comment is in order how phenomenologically pre-
ferred 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%¢*) can be
avoided by putting [DZYsTE*C]H effectively to zero. On
the contrary, low-energy leptoquark constraints, espe-
cially the (¢ —2),, indicate that [DZYSTE’E]U could be
large in some scenarios [31]. In this case we must
require cancellation between the ¢ and ¢t quark ampli-
tudes which occurs when

[Uc(Y'0 = YN Uz]), .
[Uc(Y'0 = Y1) U] 5

<2.6X1072 GeV L. (81)

Vid Me

Vcd m;
~27X107* X e 037 (82)

This can be achieved since the [Uc(Y'" — Y'OI)TUzL]),
is only bounded from above while at the same time
[Uc(Y'0 — YTt y],5 is bounded from below to satisfy
observations in 7 production. Finally, relative phase be-
tween 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)"% 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:

* s 1 5 *
[UE(YIO _ Ylo’r)UC] — 3 [Ugysf Ub]’ &
[DEYSTEL] — —[DiYEL]

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 simulta-
neously large leptoquark and diquark couplings, a situation
which is favored by observables in #f production and value
of (¢ —2),. This is achieved by the finely-tuned cancella-
tion of two amplitudes. To the contrary, similar cancellation
is impossible in the case of d = 6 operator for p — 7'u™*
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decay and we are required to suppress either all leptoquark
couplings involving w or all diquark couplings. We con-
clude 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 lepto-
quarks which violate both baryon and lepton number by
one unit. Vector leptoquarks which 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 which 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 Refs. [15,31,32] where the low mass of the
state (3, 1,4/3) had an impact on low-energy flavor phe-
nomenology. 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 unification
frameworks which mediate proton decay. In both frame-
works the considered leptoquark states reside in scalar
representations of SU(5) of dimension five, ten, forty-
five, or fifty. We integrate out the above states at tree-
level and parametrize 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 five- and forty-five-
dimensional representations is then derived. The precise
lower bound depends on the value of the vacuum expec-
tation values of these representations. For the vacuum
expectation value of 100 GeV, the least (most) conserva-
tive lower bound on the triplet mass which originates
from the p — K* ¥ channel is approximately 10'! GeV
(10'3 GeV). The corresponding bound is derived within
the flipped SU(5) framework to read 10'> GeV and
proves to be mixing independent. Moreover, the minimal
flipped SU(5) theory with symmetric mass matrices pre-
dicts I'(p — 7" 9)/T(p — K" p) = 9.

The two leptoquark states which do not contribute to
proton decay at tree-level are (3, 1,4/3) and (3,1, —2/3)*°
in the standard and flipped SU(5) frameworks, res-
pectively. We have estimated their contribution to
dimension-six operators via box diagram and the tree-
level contribution to dimension-nine operators. For the
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(3,1, 4/3) state, it has been found that if it is to explain both
the anomalous magnetic moment of the muon and the f#
forward-backward asymmetry, then the contribution of the
dimension-six operator would destabilize the proton in
p — u 7" channel. Therefore, only one of the two puz-
zles 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
[6,49-51]. To conclude, we can expect to find signals of
these leptoquark states at the LHC, although it seems very

PHYSICAL REVIEW D 86, 015013 (2012)

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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