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Triple-leptoquark interactions for tree- and loop-level proton decays Ilja DorSner

1. Introduction

In this work I present a study [1] of one particular class of proton decay processes that requires
existence of either two or three scalar leptoquark multiplets in addition to the Standard Model
(SM) particle content. The decay processes in question are based on two specific triple-leptoquark
interaction topologies that are shown in Fig. 1, where ¢’s and £’s denote generic quarks and leptons
of the SM, while (H) stands for a vacuum expectation value of the SM Higgs boson doublet H.
The scalar leptoquark states A2, A2", and A2” in Fig. 1 carry electric charges Q, Q’, and Q”,
respectively, and can originate, as I discuss later on, from either two or three different leptoquark
multiplets. Note that « is a generic cubic parameter of the A2-A2"-AC” vertex in Fig. 1, whereas A
stands for a dimensionless quartic coupling of the A2-A2"-A2"-(H) vertex.
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Figure 1: Two distinct proton decay topologies, with or without a Higgs vacuum expectation value insertion,
generated by the triple-leptoquark interactions. ¢’s and £’s denote generic quarks and leptons of the SM while
A2, AQ" and AQ” are scalar leptoquark mass eigenstates with electric charges Q, Q’, and Q”’, respectively.

Both topologies of Fig. 1 have two different realisations. One is with and the other without
the contraction with the Higgs boson doublet, where the diagrams that correspond to the former
scenario include a vacuum expectation value insertion that is rendered in grey in Fig. 1.

It is possible to have a new physics scenario where the tree-level proton decay topology exists
but the one-loop level one does not. This happens, for instance, if the leptoquarks A€ and A’
couple to different leptons [2, 3], i.e., whenever £ # ¢’ in Fig. 1. However, it is also possible to have
a scenario where the tree-level proton decay topology is completely absent whereas the one-loop
level one is not only present but also additionally enhanced due to propagation of, for example, the
tau lepton in the loop. This study is especially applicable whenever ¢ = ¢’ and, consequentially,
q = ¢’ in Fig. 1.

Scalar leptoquark multiplets relevant for this study are specified in Table 1, where I also
explicitly denote transformation properties of these multiplets under the SM gauge group SU(3) X
SU(2)xU(1). The notation that I use in Table 1 is self-explanatory and closely follows the notation
of a contemporary review of the leptoquark phenomenology [4]. I suppress both the SU(3) and
SU(2) indices in Table 1 for compactness and opt to show the flavor indices i, j (= 1, 2, 3) instead.
I furthermore use 7 = (71, 72, 73) to denote Pauli matrices and introduce 53 = (81, S%, Sg) for the
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Leptoquark multiplets Yukawa interactions
Ry =(3,2,7/6) ~(yg)ij iR iR2T Ly + (YR )ij QiRoer j +h.c.
Ry =(3,2,1/6) —(yg )ijdriRoim,Lj +h.c.
S1=(3,1,1/3) (v§)ij OF itaS1Lj + (y§ )ij i Sier j +h.c.
Sy =(3,3,1/3) (y5)ij OFima(7 - S3)Lj +hec.
$1=(3,1,4/3) (8 )iy S Sier +he.

Table 1: Scalar leptoquark multiplets and their interactions with the SM quark-lepton pairs.

SU(2) components of the S3 leptoquark multiplet. Throughout this work I consider only those
scenarios where scalar leptoquark multiplets couple solely to the quark-lepton pairs.

The manuscript is organised as follows. In Sec. 2 I provide a comprehensive list of the leading-
order proton decay channels for all non-trivial cubic and quartic contractions involving three scalar
leptoquark multiplets that generate triple-leptoquark interactions of interest, where in the latter case
one of the scalar multiplets is the Higgs boson doublet of the SM. In Sec. 3 I demonstrate that the
one-loop level topology is much more relevant than the tree-level one when it comes to the proton
decay signatures. There I also explicitly show how to extract limit on the energy scale associated
with both of these topologies using the most accurate theoretical input and the latest experimental
data on partial proton decay lifetimes. I briefly conclude in Sec. 4.

2. Classification

I consider extensions of the SM particle content with up to three different scalar leptoquark mul-
tiplets generically denoted with A, A’, and A’ and study all possible cubic and quartic contractions
of the generic forms A-A’-A”" and A-A’-A”"-H, respectively, that yield triple-leptoquark interactions
A2-AQ-AQ" and AC-A2"-A2”-(H). The aim is to specify the main tree- and one-loop level proton
decay channels with topologies of Fig. 1 that can originate from these types of interactions and the
associated Yukawa couplings of Table 1. My convention for the transformation properties of the
Higgs boson doublet under the SM gauge group SU(3) x SU(2) xU(1) is such that H = (1,2, 1/2),
where I denote its vacuum expectation value with (H) = (0 v/V2)7.

If one only demands invariance of the cubic and quartic contractions under the SU(2) x U(1)
part of the SM gauge group, one obtains the following potentially viable terms: EZ—EZ—S’I‘ [5],
Ry-Ry-S3 [5], Ry-Ry-S; [51, Ro-Ro-Ro-H* [6], S1-S1-R;-H [7], §1-S3-R;-H [8), S3-S3-R5-H [2],
$1-81-R3-H* [8], $3-S1-R5-H™ [8], §1-S1-R3-H" [7], $1-S3-R;-H" [8], and S3-S3-R3-H™ [8]. A
thing to note is that it is always possible to replace S;’s with S3’s and vice versa in aforementioned
contractions. If one furthermore demands invariance of these contractions under the SU(3) gauge
symmetry of the SM, one can demonstrate that the contractions R>-R>-R,-H*, S1-S; -R;-H , R>-R,-
S35, and §1-S1-R;-H* all yield zero [8]. These contractions vanish due to a simple fact that they all
come out to be symmetric under the exchange of two identical electric charge eigenstates which is
in direct conflict with the antisymmetric nature of these contractions in the SU(3) space. Of course,
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SU(3) x SU(2) x U(1) level SU(3) X U(1)em level Ref.
(a) KEQTL'TZEZST —2K6abcﬁ2_al/3 15%3 Sl_cl/3 [5]
(b) kRYiTy R, S K€abe (Rgf Rz_lj P§ 1_04 P Ri/f Rgf § 1_c4 /3) 5]
© AH'ity(7 - §5) iR, S A2 €abe (_53—(11/3 R STIP N2 P R Sl‘cl/3) (8]
(d) AH'ira(7 53" (- 55 inRs | AvVeape (VIS 332 RSP - 5340 532 k2% | o)
(e) AHTiTyR,S: S S T 18]
(f) AHT (7 - §3)*iT2 RS AJ5€abe (‘55?5 RS+ 8, R 5??“) [8]
®) AHT (7 - §5)imaRoS A €ave (x/isif Ry P s Pes PRSP s 3) [8]
(h)  AHY(Z-$3)*(T-S3)"inky | AvV2eupe (‘5555 S3_bl/3 152‘01/3 + 53_3/3 Si{f Ié;f) L8]

Table 2: Cubic and quartic leptoquark multiplet contractions at the SU(3) X SU(2) x U(1) level and the
associated triple-leptoquark interactions at the SU(3) X U(1)em level.

it is always possible to have a new physics scenario where the scalars that transform in the same
manner under the SM gauge group are not identical to each other. If that is the case, one would need
to revisit those contractions that otherwise would have trivially vanished such as R»-R,-R,-H*.

I summarize all non-trivial cubic and quartic scalar contractions that yield triple-leptoquark
interactions in Table 2 at both the SU(3) x SU(2) X U(1) and SU(3) X U(1)em levels. There are two
cubic and six quartic contractions, all in all, that generate triple-leptoquark interactions of interest.

Note that the superscript in the second column of Table 2 denotes electric charge Q of leptoquark
A2 in units of electric charge of positron, while a, b, and ¢ are the leptoquark SU(3) indices. I write
A2* = A=€ in the second column of Table 2 for simplicity, where I also define the electric charge
eigenstates of S3 leptoquark via Sé/s = S;, Sg/S = (8} - iS%)/\/i, and 552/3 = (S} + iS%)/\/i.

I can finally specify main proton decay mediating processes for both topologies of Fig. 1 using
Yukawa couplings presented in Table 1 together with the cubic and quartic interaction terms given
in Table 2. These results are shown in Table 3 under the assumption that the final states comprise
exclusively the first generations of both quarks and charged leptons. I also write down in Table 3
relevant operators behind these processes.

3. Phenomenological analysis

I extract, in this Section, lower limits on the energy scales that are associated with the proton
decay signatures due to the presence of triple-leptoquark interactions by using the latest experimental
constraints on partial proton decay lifetimes for both the tree-level and one-loop level topologies of
Fig. 1. I denote these energy scales simply with A, where A is a common scale for the masses of
all those scalar leptoquarks that participate in proton decay processes under consideration.
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Contractions | Operators | Proton decay (tree) | Proton decay (one-loop)
o dddevv | p — ntnte vy -
(a) RQ—RQ—ST
ddueev | p — ntete™v p oty
o dddeée | p — ntnte ete” | -
(b)  Ra-Ry-§}
ddueev | p —» ntete v p oty
ddueév | p — ntete v p oty
duuevv | p — etvv p — nle*
(¢)  Si-S3-R3-H
duueee | p — e*ete” p — nlet
uuueev | p — n etety -
ddueev | p — ntete v p oty
(d)  S3-S3-R3-H | duuevv | p — etvv -
duueee | p — e*ete” p — nle*
. ddueev | p — ntete v p oty
(é’) Sl-Sl-R;-H*
duueee | p — e*ete” p — nle*
ddueev | p — ntete v p oty
(f) 53'§1'R§'H* duuevv | p — etvv p — nlet
duueee | p — e*ete” p — nle*
dduvvv | p — ntviv p— v
5 ddueev | p —» ntete v p oty
(&) S$1-S3-R3-H”
duuevv | p — etvv p — nlet
duneee | p — e*ete” p — nle*
dduvvv | p — ntvvv p oty
(h) 53'53'1§;'H* ddueev | p — ntete v -
duuevv | p — etvv p — nle*

Table 3: List of all non-trivial A-A’-A"" and A-A’-A""-H contractions and associated proton decay channels
at both the tree- and one-loop levels.
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3.1 Tree- vs. one-loop level proton decays

Let us first estimate the expected proton decay widths for the tree- and one-loop level topologies
from Fig. 1 to demonstrate that the latter dominates in all instances. I focus, for illustrative purposes,
on the processes p — e*e*te™ and p — n’¢™* that exist for most scenarios in Table 3.

I find the decay rate of the tree-level process, using naive dimensional analysis, to be

5

2
m m,v
[(p—>eete) = (167[;)3 (A_p6) A Ve Yatel* (1)

where y,. denotes generic leptoquark couplings to electrons and valence quarks g(= u, d), and
A, again, stands for the common mass of leptoquarks that are taken to be mass-degenerate. The
dependence on A in Eq. (1) arises from the leptoquark propagators depicted in the left panel of
Fig. 1. The estimate in Eq. (1) is derived for the scenarios of the type A-A’-A”'-H, but it also applies
to the A-A’-A"" scenarios if one replaces « with a product Av.

One can also perform an analogous estimate of the decay width of the corresponding one-loop
level process p — n%e* if one notes that the loop contribution in Fig. 1 can be schematically seen
as an effective diquark coupling that reads

1 m ¢V
©16n2 A2

where m ¢ can be either the valence quark mass m, or the mass of the lepton running in the loop,

Yud /lyueyze > )

i.e., m, in this case, depending on the specific scenario, as will be discussed below. (See also
Ref. [1] for more details.) The loop-induced proton decay can then be expressed as follows

24\2
m. (m
F(p - ﬂoe+) = é(/\_g) |yud yue|2 . 3)

By combining Egs. (1) and (3), and taking the electron mass as a benchmark value for m ¢, I find
that

[(p—oefeter) 1 m% 2 ~ 10-7( e 2(1Tev\* 4
T — 20e") ‘P(mfAz) il (m_f)( A ) | @
where the dependence on the leptoquark couplings cancels out to the first approximation.

It is now transparent that proton decays faster through the one-loop level induced two-body
process than through the tree-level three-body one. If one also takes into account that the exper-
imental limit for the partial lifetime of p — n%* [9] is approximately of the same strength as
the one for the three-body decay such as p — e*e*e™ [10], one can conclude with certainty that
the loop-induced processes are more sensitive probes of the triple-leptoquark interactions than the
tree-level ones. This estimate is based on the scenario where m s = m, and it would be even further
exacerbated if the chirality is flipped in the quark lines, leading to m s = m, or if heavier leptons
are running in the loop.

I finally opt to show how to accurately perform the extraction of a lower limit on the leptoquark
masses that I denote with A within the framework of scenario (d) that is defined in Tables 2 and 3
for both the tree-level p — e*e*e™ decay, and the one-loop level decays p — n%* and p — 7.
To deduce A I will eventually set all of the dimensionless couplings to one and focus exclusively on
the leptoquark couplings to the first generation of fermions in Secs. 3.2 and 3.3.



Triple-leptoquark interactions for tree- and loop-level proton decays Ilja DorSner

3.2 Tree-level leptoquark mediation of p — ¢~ e*e*

Figure 2: Tree-level diagram contributing to the process p — e*e*e™ in scenario (d) defined in Table 2.

Let us first consider decay amplitude for p — e*e*e™ and determine the corresponding decay
rate for scenario (d) from Table 2, i.e., the §3-S3-R}-H contraction. The relevant proton decay
process is depicted in Fig. 2. I, again, focus on the case where leptoquarks couple only to fermions
of the first generation. The starting point of this analysis is the d = 9 effective Lagrangian obtained
after integrating out R, and S3 scalar leptoquarks that reads

L4 5 " eape Cx (a5 PLe) (5 Pre)(ePxue) +h.c., (5)
X=L,R

where a, b, ¢ are color indices and the effective coeflicients read

224y

CL=—7—(V* y&)ys3 (Vsz) > (6)
mSSm
2\/_/11/
Cr= (v* )’53))’53()’132) . @)
S3mR2

Note that all flavor indices i and j of Table 1 are set to 1 and thus not written out. Also, V in
Egs. (6) and (7) is the CKM matrix that is taken to reside in the up-type quark sector. I keep it
in this calculation for bookkeeping purposes even though it can be treated as an identity matrix in
what follows.

To estimate the decay width for the process p — e* , I use the Fierz relations in Eq. (5)
that produce the following scalar matrix elements

€apc{0|(aS Prdp)Pruc|p) = apPrup ,
€abc{01(aS Prdp)Pruc|p) = BpPrup

where u,, is the proton spinor, whereas @ = —0.0144(3)(21) GeV? and 8 = +0.0144(3)(21) GeV?
are hadronic parameters that have been obtained by numerical simulations of QCD on the lattice [11].

®)

I can finally write in full generality that

5

F(p - e*eeT) = (B2ICLP + apICkP?) - ©)

6(16 )3
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If I furthermore take y§3 = ykz = y’lgz = A =1 with mg, = mg, = A and require that the calculated
rate via Eq. (9) does not saturate the experimental limit, i.e., 7(p — e*ete™) > 3.4x10** years [10],
I find the following constraint

p—etete A>1.6%x10>TeV. (10

Again, the lower bound on A in Eq. (10) corresponds to the energy scale at which the experimental
limit for p — e*e*e™ is saturated for order one dimensionless couplings and mass-degenerate
leptoquarks in scenario (d) from Table 2. Similar scale estimate has been performed before in
Refs. [2, 3]. T also note that the process p — e*e*e™ has been discussed before in Ref. [12] in the

supersymmetric context.

3.3 Loop-level leptoquark mediation of p — n’¢* and p — n*v

I now turn attention to the two-body proton decays p — 7%* and p — 77 that are induced at

the one-loop level through the diagrams in the right panel of Fig. 1. I, again, consider scenario (d)
of Table 2 with the assumption that the leptoquarks couple only to the first generation SM fermions.

I start by discussing the main features of the one-loop level decay topology depicted in Fig. 1.
This contribution can be understood as a loop-induced diquark coupling of the leptoquark state
A2”, which then contributes to the two-body proton decay modes in the usual way, i.e., via
d = 6 operators. However, the SU(3) structure of the one-loop level topology in Fig. 1 imposes
important restrictions on the possible external quark states. Since the triple-leptoquark vertex is
fully antisymmetric in the SU(3) indices, the one-loop level contributions vanish if the quarks ¢
and ¢’ in Fig. 1 are identical. In other words, the one-loop level contributions are only present if ¢
and g’ carry different flavors.

In the following, I discuss the phenomenology of scenario (d), deferring the details of the
one-loop computation to Ref. [1].

0

p — n%*: The most interesting probe of triple-leptoquark interactions is the decay p — 7°

+
e
due to the stringent experimental limit 7(p — 7%*)®P > 2.4 x 10> years [9]. In the scenario I
consider, there is only one diagram that contributes to this process at one loop, as depicted in Fig. 3.
I assume that the leptoquark states are degenerate in mass, with mg, = mg, = A. After integrating

out the leptoquarks, I obtain an effective Lagrangian
LY 5 cyden (@€Prd) (¢Pru) + Cige (@PLd) (¢ Pru) +hic., (1)

where the Wilson coefficients, at the scale A, read

d V2dvme . p L Ry, Md L L\«
C/o" = ry A: 44 )’53) [yS3(VyR2) + m)’& (sz) ] ) (12)
A vm
d w LN20 L oy*
CiR" = 53 (V') Or)" (13)
I, again, omit flavor indices since they are all set to one. The hadronic matrix elements needed to
compute p — n%* can be parameterized in full generality as [11, 13]
’ ’ i !
(0| p) = [WoF Ui - L <q2)} Proay ., (14)
p



Triple-leptoquark interactions for tree- and loop-level proton decays Ilja DorSner

Ry? y
\'
e e e
1/3 =
p P /f Vs Sy d
d d .

u

Figure 3: One-loop level diagrams contributing to p — n%e* (left panel) and p — #*¥ (right panel) in
scenario (d) of Table 2.

where O'T" = (ﬁCPrd) Pru, with I',T” = R, L. The proton spinor is, again, denoted by u,
g stands for the momentum exchanged in this transition, and W, (¢*) and W[ (¢?) are two
independent hadronic form-factors. For the p — 7% transition, the latter form-factors can be
neglected since their contributions are suppressed by m,/m,. The proton decay width can then be
expressed in terms of the Wy form factors as follows,

2

mz

F(p - n’") = o~ ( m;) | (W Cpen+ WRE I (15)
p

where the electron mass has been neglected. W' = W1 (0) have been computed on the lattice
and they are predicted, for this specific transition, to be WEL = 0.134(5) GeV* and W[R =
-0.131(4) GeV? [11].

Using the expressions derived above, and assuming that y§3 = ygz = yIL?2 = A =1, I obtain that
the scale A for p — n%¢* should satisfy

p—oalet: A>18x10*TeV. (16)

This limit is much more stringent than the limit derived from the tree-level proton decay p — e*e*e”
presented in Eq. (10). This is in agreement with the initial estimate from Sec. 3.1.

p — n*v: Another interesting proton decay mode is p — n*V, where the experimental limit on
this partial decay lifetime is currently at 7(p — 7*9)®*P > 3.9 x 10?2 years [14]. This process can
be induced by the right diagram in Fig. 3, which contributes to the effective Lagrangian

L4 5 eyt (@prd) (Prd) + Ci? (@Prd) (FPrd) +hec., 17

with the Wilson coeflicients

udy \/_/l vme
Ci = a5 05)" | (V¥R )], (18)
udv A vmy,
Chi =~ VR Ok, (19)
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I, once again, assume degenerate leptoquark masses mg, = mg, = A and omit all flavor indices. By
combining the isospin relation

(x*| (#°Prd) Prdlp) = V2| (@ Prd) Proulp), (20)
with Eq. (14), I find that

2
2
m m
C(p—7'v) = 7~ (1 - —g) [(W(fL)leZ‘i"d 2+ (WP IR @21
T mp

If I again assume that yé3 = yILQ2 = yllgz = A = 1, I find that the scale A should satisfy the following
limit to be consistent with the current experimental input

p -ty A>12x10*TeV. (22)

This constraint on A is slightly weaker than the one quoted in Eq. (16) for p — n%* due to a less
stringent experimental limit but it is still much more relevant than the one derived from three-body
proton decay p — eTe*e™ in Eq. (10).

4. Conclusions

I present a phenomenological impact of triple-leptoquark interactions on proton stability for
two different decay topologies under the assumption that scalar leptoquarks of interest couple solely
to the quark-lepton pairs. The first topology has the tree-level structure and it yields three-body
proton decays at the leading order. The other topology is of the one-loop nature and it generates
two-body proton decay processes instead. The tree-level topology has been analysed in the literature
before in the context of baryon number violation while the one-loop level one has not been featured
in any scientific study to date.

I demonstrate that it is the one-loop level topology that is producing more stringent bounds on the
scalar leptoquark masses of the two, if and when they coexist, thus rendering the extraction of limits
using the tree-level topology processes redundant. To quantitatively support this claim I extract a
lower limit on the mass scale A that is associated with the leading order proton decay signatures for
both topologies within one particular scenario using the latest theoretical and experimental input. I
show that the limit on this scale for the one-loop level process p — ne* reads A > 1.8 x 10* TeV
when the charged lepton in the loop is an electron. The corresponding limit for the tree-level
topology process p — e*ete” is A > 1.6 x 10> TeV. To generate these limits I identify scale A
with a common scale for the masses of all those leptoquarks that participate in a given baryon
number violating process and set all of the dimensionless couplings to one under the assumption
that leptoquarks couple solely to the first generation SM fermions.

I also specify the most prominent proton decay signatures due to the presence of all non-trivial
cubic and quartic contractions involving three scalar leptoquark multiplets, where in the latter case
one of the scalar multiplets is the SM Higgs doublet.

10
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