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Summary. — We critically review proton decay due to the scalar leptoquark ex-
changes within SU(5) and flipped SU(5) frameworks to address the issue of model
dependence of the relevant tree-level operators. We quantify if, and when, it is nec-
essary to have the leptoquark mass close to a grand unification scale. We summarize
novel results regarding a possibility to have a collider accessible leptoquark without
a rapid proton decay. The relevant state could be observed indirectly through its
influence on physical processes such as the forward-backward asymmetry in ¢f pro-
duction due to an antisymmetric set of couplings to a pair of up-quarks. The same
leptoquark could affect a muon anomalous magnetic moment through an interaction
of a lepton-quark nature. We accordingly investigate whether both sets of couplings
can be simultaneously sizable without a conflict with matter stability.

PACS 13.30.-a — Decays of baryons.
PACS 12.10.Dm — Unified theories and models of strong and electroweak interac-
tions.

1. — Introduction

Scalar leptoquarks represent theoretically well-motivated source of new physics. Sim-
ply put, the leptoquark states take a quark into a lepton and vice versa. They are thus
ubiquitous in any framework that unifies elementary fermions of the Standard Model
(SM). We accordingly study these states in two different unification frameworks that
correspond to the SU(5) [1] and the flipped SU(5) [2, 3, 4], ie., SU(5) x U(1), em-
beddings of the matter fields. These two scenarios are general enough to cover other
possible (non)unifying schemes. Our aim is to present an excerpt from a comprehensive
classification of scalar leptoquarks that simultaneously violate baryon (B) and lepton
(L) numbers where a role these have in proton decay processes is addressed [5].

The leptoquark states that simultaneously violate B and L tend to mediate proton
decay at a tree-level and are therefore taken to be very massive. However, it is possible
to have a viable SU(5) setup [6] with a very light leptoquark [7] that is in accord with
experimental limits on proton stability. The color triplet weak singlet scalar in ques-
tion could then contribute to ¢ production [8] and explain the observed increase of the
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forward-backward asymmetry [9, 10]. It could also have an impact on muon anomalous
magnetic moment [11] that could reconcile experimental [12] and theoretical results [13].
It might, however, (re)generate proton decay through the higher order loop diagrams
that yield an effective d = 6 set of operators and a class of tree-level d = 9 operators.
A question then is whether one can simultaneously address the tf asymmetry and the
muon anomalous magnetic moment by using the very same leptoquark [5].

This contribution is organized as follows. In secs. 2 and 3 we list all scalar lepto-
quarks associated with proton decay in SU(5) and flipped SU(5) and give examples of
the Yukawa couplings to the SM fermions for leptoquarks from one representation. In
sec. 4 we introduce the effective dimension-six operators for proton decay and calculate
associated effective coefficients for certain leptoquark states. There we also present cur-
rent experimental lower bounds on the color triplet leptoquark mass within phenomeno-
logically realistic SU(5) and flipped SU(5) scenarios. In sec. 5 we study leptoquarks
that do not contribute to proton decay at leading order. We conclude in sec. 6.

2. — Leptoquarks in SU(5)

The scalars that couple to matter at tree-level in SU(5) reside in 5-, 10-, 15-, 45-
and 50-dimensional representations because the SM matter fields comprise 10; and 5;,
where i,5 = 1,2,3 represent family indices. Namely, 10; = (1,1,1); ® (3,1,-2/3); ®
(3,2, 1/6)1 = (eic,uic, z) and gj = (1,2, 71/2)J S5 (g, 1, 1/3)j = (Lj,djc)7 where Ql =
(u; d;)T and Lj = (v; ;)" [1]. Possible contractions of the matter field representa-
tions hence read 10 ® 10 =5®45® 50, 10 ®5=5®45and 50 5 =10 @ 15.

The scalar leptoquark states that violate both B and L 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 10 of SU(5) that
violates both B and L and could thus also destabilize proton. Altogether, there are
eighteen (fifteen) scalar leptoquarks that could mediate proton decay in case neutrinos
are Dirac (Majorana) particles. Note that 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 through 15 (5).Table I summarizes couplings to
the matter of relevant states that reside in 45-dimensional representations. The couplings
of the color triplets in 50-, 10- and 5-dimensional representations are spelled out in ref. [5].

Note that the (3,1,4/3) state always couples to the up-quark pair in an antisymmetric
manner. Hence the absence of the tree-level proton decay. Moreover, if the Yukawa
matrices are symmetric the (3,1,4/3) state would not destabilize matter whatsoever.

3. — 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 [2, 3, 4]. 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
SU(5) and flipped SU(5) embeddings is provided by the following set of transformations:
d° < u®, e v uedand v o e.
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SU(5) Y;1°10,10,45 v;310,5,;45"
(3,1,-1/3) 27 Y S eaneul T OdS; A
= 21/2[3/%0 - Y}lio]eiCTCuaCjAa —271}2§u3iCejA,*l
A 27'Y5dL, Cu A
(3.3,-1/3) 21 eane V" = V)dg ey ¢ Yus O
= —2eare[Vi” = V'l Cun s A2 RO
1 A2 A3 27y d, Cu; ALY
(A%, 4% 4% _91/2¢ . [y 10 _ Y101, T~y A3 —YngTC 'Ajs*
abel ij ji Jug ;Cup ;A7 ijAa L€ R
(3,1,4/3)
= 22V — Yl eaeud ! Cufy A Y5 T CdS, A
A

TABLE 1. — Yukawa couplings of B and L violating scalars in 45-dimensional representation of
SU(5). a,b,c(i,j) = 1,2,3 are color (flavor) indices. Yii* and Yi‘é are Yukawa matriz elements.

i % and 1;‘5, where the superscripts
correspond to the extra U(1) charge. The SM hypercharge Y is defined through ¥ =
(Y(UQ)) =Y(U(1)sus)))/5, where Y(U(1)) and Y(U(1) sy (s)) represent the quantum
numbers of the extra U(1) and the U(1) in SU(5)(— SU(3)x SU(2) xU(1)), respectively.

The scalar sector that can couple to matter directly is made out of 5072, 4572, 1576,
10™%, 572 and 17'9. Representations that can generate contributions to the charged
fermion masses and Dirac neutrino masses are 45~2 and 52, whereas Majorana mass
for neutrinos can originate from interactions with 157¢. Leptoquarks that violate B and
L reside in 5072, 4572, 10" and 572. The relevant couplings to matter for 452 are
given in Table II. All other color triplet couplings can be found in ref. [5].

The matter in flipped SU(5) comprises 10;!, 5,

SU(5) x U(1) Y,110{110/ 4572 Y210,5; 245+ 12
(3,1,-1/3)7? 271V eanedS T Cul; A
= 22V - VIl T Cdg A —27'Y5d] . Cy; A
A 271Y§uaC’cajAZ
(3,3,-1/3)7 22 eanelYi” — ViilugiCup ;A YZdT,Ce; A%
’ —1/2v/5 4T 2%
= —2eave[Viy" = Vii'lug i Cdy j A 2 1;2K§d‘,}icyjA;
1 A2 A3 27 %Y u, ;Ce; AT
(A%, A% A% 1/2 10 101 4T Al 5 _J1*
-2 €abc[Yij -Y; ldz:Cdp j A, —Y,L-juaiCVJAa
(3,1,4/3)2
= 2250 — Y0 eanedS,  Cdf; A —Y5ve T Cug ;A
A

TABLE II. — Yukawa couplings of B and L violating scalars in 45-dimensional representation of
flipped SU(5). a,b,c(i,j) =1,2,3 are color (flavor) indices. Y'° and Y° are Yukawa matrices.
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4. — Proton decay

The dimension-six operators due to scalar exchange that violate B and L are

(1) On(du,ep) = a(da,ep) ul LC™ dy u” L C 1 es,

(2) Ot (da, €§) = a(dg, e§) uT L C" dy §' L C71uC"

3) On(dS eg) = a(dS eg) dS' L O™ uC™ uT L C Ve,

(4) 0u(dS,e§) = a(dS,e§) dS' L = uC ' L 71",

(5) On(da,dg,v;) = a(da,dg,v;) ' L O d, d} L C

(6) Op(da, dS ,vi) = a(da, dS,v;) d "Lo v dl Lot

(7) O (da, d5,vE) = a(dg, dS,vC) u” L CV dg v€' L ¢ dS”,
(8) 0u(dS,dS,v) = a(dS,d5,vC) d§" L et uC vt L ot al”

Here, i(=1,2,3) and «, 8(= 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 due to a common
€abedabge contraction. This notation has already been introduced in ref. [14].

These operators allow us to extract relevant coefficients due to a particular leptoquark
exchange [14]. Our convention for the charged fermion field redefinitions that yield the

mass matrices in physical basis reads: UCMUU dlag DTM D = Mglag and

ELMpE = M98 We introduce UTD = Vyp = K1VCKMK2, where K1 (K») is a diag-
onal matrix containing three (two) phases. In the neutrino sector we have NYMyN =
MY (Nt N = 398 with BIN = Vey = KsVeawsKs (Ven = KsViaws)
in the Dirac (Majorana) neutrino case. K3 (K4) is a diagonal matrix containing three
(two) phases. Voxnm (Vpumns) is the Cabibbo-Kobayashi-Maskawa (Pontecorvo-Maki-
Nakagawa-Sakata) mixing matrix.

For example, the relevant coefficients for A = (3,1, —1/3) from 45 are

1 Eroa 3
(9) a(dg ep) = 1y (DEYPUG)ar (UTYPE)s,

A

1 5 * *
(10) aldf),e§) = 5 (DLYP1Ug)ar (B =Y ) UE )5

A

1 — —

(11) a(day df, %) = 7 (DLY?TUS) g1 (DTYON )i

The relevant coefficients for A = (3,1, —1/3)~2 from 4572 in flipped SU(5) are

1 Bapre 5
(12) aldg,e5) = 1 (DY U)ar (UTY B,
A
1 —
(13) a(de,dS,v;) = T (DLYS*U&)p1 (DTYON) s,
A
1 i .
(14) a(dS,d§,ve) = (DEY ™ UE) 1 (NL(YYO — YO T)T DY

\[mA
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The current experimental bounds on the partial proton lifetimes these operators con-
tribute to are given in Table III. We account for all these decay modes in our analysis.

PROCESS 7p (10% years)
p — wlet 13.0 [15]
p— ot 11.0 [15]
p— K%™* 1.0 [16]
p— Kout 1.3 [16]
p — net 4.2 [17]
p—nut 1.3 [17]
p— 7D 0.025 [18]
p— Ko 4.0 [15]

TABLE III. — Experimental bounds on selected partial proton decay lifetimes @ 90 % CL.

4'1. Leading order contributions in SU(5). — Let us present predictions of the simplest
of all possible renormalizable models based on the SU(5) gauge symmetry. We demand
that both 5 and 45 of Higgs contribute to the down-quark and charged lepton masses [19]
to generate phenomenologically viable masses and mixing parameters. We take all mass
matrices to be symmetric, i.e., My p g = M;D’E. Note that the symmetric mass matrix
assumption eliminates contributions to proton decay of all other color triplets besides
the (3,1, —1/3) from 5- and 45-dimensional representations.

For example, to find widths for the charged anti-leptons in the final state when the
triplet state from 5-dimensional representation dominates we need to determine a(dy, €3),
a(de, eg), a(d$,es) and a(d, eg). If the Yukawa couplings are symmetric the relevant
input for these coefficients reads

(15) TV 4+¥y0T)p),, = — \/;}5 w28y,

(16) UTY By = —5- (BVip My 8V U + UaM )5,
(17) (DYF10") a1 = =51 (BMEEVE, + V] U MU,
(18) (B0 4 YOT) U = ——— (uf M328)

V2us5

where Uy = UT E* and vs represents a vacuum expectation value (VEV) of 5-dimensional
representation. Our normalization is such that |vs|?/2 + 12|vys|? = 02, where v(=
246 GeV) stands for the electroweak VEV. vy5 is the VEV in 45-dimensional represen-
tation. A connection between Yukawa couplings and charged fermion mass matrices is
spelled out elsewhere [11]. For the p — ef 7° channels we finally find

2 202 42 2

p — Mro 3 1 t * 1 rdiagrrt
Vi wt - (VA S US Mz U.
647 f2m3 vami (Vop)ulm. + 4md] * 4( UD=2""E 2)n

(m

I(p— egwo) =
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2
3 * ia * 1 ia
<’2(VUDMg VU hs + §(U2Mg s| + 4|mu(U2)15|2> (1+D+F)>?

where a and 3 are the so-called nucleon matrix elements. F'+ D and F'— D combinations
are extracted from the nucleon axial charge and form factors in semileptonic hyperon
decays, respectively [20, 21]. We take in what follows fr = 130MeV, m, = 938.3MeV,
D =0.80(1), F =0.47(1) and a = —3 = —0.0112(25) GeV? [21].

In the previous example we assume that contributions to proton decay of the triplet
in 5-dimensional representation dominate over contributions of triplets in 45-dimensional
representation. We actually find that the 5-dimensional triplet dominates over the 45-
dimensional triplet for moderate values of vgs [5]. The suppression factor for the partial
lifetimes approximately reads 10%(vys/vs)?.

In order to incorporate p — 7wt and p — KT decay modes in our study we note that
one is free to sum over the neutrino flavors in the final state. The relevant coefficients
that enter widths for these decays are a(dq,dgs, v;) and a(dq, dg, v;) when the exchanged
state is the triplet in 5-dimensional representation. The upshot of our results is that
widths for decays with neutral anti-lepton in the final state again depend only on Us as
far as the mixing parameters are concerned. We again find that the contribution of the
triplet in 5-dimensional representation towards p — KT# and p — 777 dominates over
the 45-dimensional triplet contributions for moderate values of v4s5.

We numerically analyze all the decay modes given in Table III 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 My, as given in [22]. The CKM angles are taken from
ref. [18]. We randomly generate one million sets of values for nine parameters of Uy and
five phases of Viyp. As it turns out, it is p — KT that dominates in all instances. The
most and least conservative bounds for this channel read

1/2
1
(19) ma > 1.2 x 103 (0‘3> (oocev> GeV
0.0112 GeV U5
1/2
1
(20) ma > 1.5 x 101 (0‘3> (OOGGV> GeV.
0.0112 GeV Vs

To summarize, if one is to maximize contributions from the triplets in 5- and 45-
dimensional representations towards proton decay within renormalizable SU(5) frame-
work with symmetric mass matrices the current bounds on the triplet mass scale are
given in egs. (19) and (20) if the color triplet in 5 of Higgs dominates in the most and
least conservative scenario, respectively. Any SU(5) scenario where the triplet scalar
mass exceeds the most conservative bound of eq. (19) is certainly safe with regard to
the proton decay constraints on the scalar mediated proton decay. If the triplet mass is
below the least conservative bound of eq. (20) the SU(5) scenario is not viable.

4'2. Leading order contributions in flipped SU(5). — In the minimal flipped SU(5)
scenario it is sufficient to have only one 5-dimensional scalar representation present to
generate realistic charged fermion masses. We accordingly present 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 p g = M{, p p-

We find that the decays with anti-neutrinos in the final state always dominate. To
find corresponding decay widths for p — 777 and p — KT& we need to determine
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a(dy,ds,v;) and a(dq, dg, v;). In the minimal model with symmetric mass matrices the
relevant input reads

1 .
21) (UF (74 V) D)o = = (Vi My ™)
5 2 diag;
(22) (DTYPN)5i = = (VEp My U3 Vien )i
7* * 2 d
(23) (DY U )51 = ==V oMy )

The sum over neutrino flavors in the final state eliminates dependence on any unknown
rotations in the quark and lepton sectors leaving us with decay widths that depend
only on known masses and mixing parameters. This makes minimal flipped SU(5) with
symmetric mass matrices very special. We find the following limit on the triplet mass
that originates from experimental constraints on p — K& channel

1/2
(24) ma > 1.0 x 1012 (0‘3> GeV.
0.0112 GeV

The fact that p — 770 is also a clean channel means that the minimal flipped SU(5)
predicts ratio between I'(p — 7+ 7) and I'(p — K*r). We find it to be

(25) I(p—ntv)/T(p— K p) =9.0.
This result represents firm prediction within the framework of the minimal flipped SU(5).

5. — Higher order contributions

The (3,1,4/3) state violates B and L but does not contribute to d = 6 proton decay
operators at tree-level. 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 [5]. The effect of the d = 9 operators can be rendered adequately
small even in the case of simultaneously large leptoquark and diquark couplings, a situa-
tion that is favored by observables in ¢t production and value of (¢ —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*t decay and we are required to sup-
press 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.

6. — Conclusions

We classify the scalar leptoquarks present in SU(5) and flipped SU(5) grand unifi-
cation frameworks that mediate proton decay. In both frameworks the considered lep-
toquark states reside in scalar representations of SU(5) of dimension 5, 10, 45, and 50.
We integrate out the above states at tree-level and parameterize their contributions in
terms of effective coefficients of a complete set of d = 6 operators. The mass constraint
on the color triplet state contained in 5- and 45-dimensional representations is then de-
rived. The precise lower bound in SU(5) depends on the value of the VEV of these
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representation. For the VEV of 100 GeV the least (most) conservative lower bound on
the triplet mass that originates from the p — K+ channel is approximately 10! GeV
(1013 GeV). The corresponding bound is derived within the flipped SU(5) framework to
read 10'2 GeV and proves to be both mixing and VEV independent. Moreover, flipped
SU(5) theory with symmetric mass matrices predicts I'(p — 7*2)/T(p — Ktv) = 9.

The two leptoquark states that do not contribute to proton decay at tree-level are
(3,1,4/3) and (3,1, —2/3) 76 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 moment of the muon and
the tt forward-backward asymmetry, then the contribution of the dimension-six operator
would destabilize the proton in p — p+ 7% channel. Therefore only one of the two puzzles
can be addressed with this leptoquark state.

* ok ok
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