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We study the simplest renormalizable scalar leptoquark models where the standard model is augmented
only by one additional scalar representation of SU(3) X SU(2) X U(1). The requirement that there be no
proton decay from renormalizable interactions singles out two such models, one of which exhibits an
unusual top mass enhancement of the u — e7y decay rate. We analyze the phenomenology of the model
with the unusual top mass enhancement of loop level chirality changing charged lepton processes in the
light of existing and upcoming experiments. Both of the models that do not allow proton decay from
renormalizable interactions have dimension-5 operators that, even if suppressed by the Planck scale, can
give rise to an unacceptably high level of baryon number violation. We discuss symmetries that can forbid

these dimension-5 operators.
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I. INTRODUCTION

Currently, the standard model describes most aspects of
nature with remarkable precision. If there is new physics at
the multi-TeV scale (perhaps associated with the hierarchy
puzzle), it is reasonable to expect measurable deviations
from the predictions of the standard model in the flavor
sector. Among the experiments with very high reach in the
mass scale associated with beyond the standard model
physics are those that look for flavor violation in the
charged lepton sector through measurements of the pro-
cesses, w — ey [I] and u — e conversion [2,3], and
the search for electric dipole moments of the neutron,
proton, and electron. For a recent discussion of the reach
provided by the data from K and B meson decays, see, for
example, Ref. [4].

Models with scalar leptoquarks can modify the rates for
these processes. Simple models of this type have been
studied previously in the literature, including their classi-
fication and phenomenology [5—12].

Our approach is to first identify the minimal renormaliz-
able scalar leptoquark models containing one single
additional representation of SU(3) X SU(2) X U(1) and
construct the most general renormalizable model without
any additional constraints on the couplings apart from the
usual ones, i.e., gauge invariance, Poincaré invariance, and
locality. Given the strong experimental constraints on
baryon number violating processes like p — 7'e™, we
concentrate only on those scalar leptoquark models which
do not have baryon number violation in perturbation the-
ory. Of course, there is baryon number violation through
nonperturbative quantum effects since it is an anomalous
symmetry. But this is a very small effect at zero tempera-
ture. Only two models fulfill this requirement. One of those
two models gives a top mass enhanced u — ey decay rate.
We perform an analysis of the phenomenology of this
specific model, including the u — e7y decay rate, u — e
conversion rate, as well as electric dipole moment
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constraints focusing mostly on the regions of parameter
space where the impact of the top quark mass enhancement
is most important. For lepton flavor violating processes at
higher energies such as 7 — w1y, deep inelastic scattering
e + p— u(7) + X, etc., the impact on the phenomenol-
ogy of the top quark mass enhancement of charged lepton
chirality flip is less dramatic, and that is why we focus in
this paper on low energy processes involving the lightest
charged leptons.

There is also an m, enhancement of the one-loop con-
tribution to the charged lepton mass matrix. We explore the
region of parameter space where this contribution does not
necessitate a fine-tuning of parameters.

We also consider the effects of dimension-5 operators
that can cause baryon number violation. We find that the
two models without renormalizable baryon number viola-
tion can have such operators, and, even if the operators are
suppressed by the Planck scale, they may (depending on
the values of coupling constants and masses) give rise to an
unacceptable level of baryon number violation. We discuss
a way to forbid these dimension-5 operators.

This paper is not a broad survey of the phenomenology
of leptoquark models. Rather, we focus on two issues that
have not been discussed adequately in the previous litera-
ture: first, whether the chirality flip by the top quark mass
results in much greater experimental reach in leptoquark
mass when one takes into account a naturalness constraint
on the lepton mass matrix and, second, the nature of baryon
number violation in these models.

II. MODELS

A general classification of renormalizable leptoquark
models can be found in Refs. [5,6]. However, in the spirit
of our approach, in which we are interested in models with
no proton decay, a more useful list of possible interaction
terms between the scalar leptoquarks and fermion bilinears
is presented in Ref. [13], where those models that have
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tree-level proton decay are highlighted. The relevant
models are listed in Table I below.

The only two models fulfilling our requirement are
X =(3,27/6)and X = (3,2, 1/6).

A.Model I: X = (3,2,7/6)

The Lagrangian for the scalar leptoquark couplings to
the fermion bilinears in this model is

L =-Ma,X"eL] — A\/eb Xt Q) + He, (1)

where

X—Va _01 L_VL 2
\r.) o) 7 ) @

After expanding the SU(2) indices, it takes the form
L=l (Vyel — Yo vh)
— Mg (viul, +vid,) + He 3)

Note that in this model the left-handed charged lepton
fields couple to right-handed top quarks, and the right-
handed charged lepton fields couple to left-handed top
quarks. So a charged lepton chirality flip can be caused
by the top mass at one loop.

B. Model IT: X =(3,2,1/6)

The corresponding Lagrangian is
L =—-AJdi,X"el] + H.ec, 4)

where we have used the same notation as in the previous
case. Expanding the SU(2) indices yields

L=—-)\]d (Vye; — Y,v}) + Hec. (5)
In model II the leptoquark cannot couple to the top quark,
so there is no m, enhancement in the u — e7y decay rate.
There is also no m,; enhancement, and the one-loop effec-
tive Hamiltonian for u — ey (after integrating out the
massive scalars and the heavy quarks) is proportional to
the muon mass. For this reason, in the remainder of the
paper, we will focus entirely on model I.

TABLE I. Possible interaction terms between the scalar lep-
toquarks and fermion bilinears along with the corresponding
quantum numbers. Representations labeled with the subscript
“PD” allow for proton decay via tree-level scalar exchange.

Leptoquark Diquark SUB) X SU(2) X U(1)
couplings couplings representation of X
XQe, XLii (3,2,7/6)

XLd E (3,2,1/6)
XOL,Xue X00, Xud (3,1, —1/3)pp
XQI: X00 (3,3, —1/3)pp
Xdeé Xuu (3,1, =4/3)pp
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III. PHENOMENOLOGY

In this section we analyze some of the phenomenology
of model 1, i.e., X = (3,2,7/6). We concentrate only on
those constraints which are most restrictive for the model
and potentially most sensitive to the unusual top mass
enhancement of the charged lepton chirality change,
i.e., the ones coming from the following processes: muon
decay to an electron and a photon, muon to electron
conversion, and electric dipole moment of the electron.

A. Naturalness

There is a logarithmically divergent contribution to the
charged lepton mass matrix that is enhanced by m,. This
contribution to the mass matrix, coming from momenta
between A (the cutoff) and my, is

iy 3M A?
~ 3i}J3 ] =
Am,-j = Au /\e 1677'2 log (m%/) (6)
To avoid unnatural cancellations between this loop contri-
bution to the lepton mass matrix and the tree-level lepton
mass matrix, we require

For example, for a scalar of mass my = 50 TeV and a
cutoff set at the GUT scale, Eq. (6) gives

Amy; = XA X 170 GeV, (®)

which, combined with Eq. (7), yields the following con-
straint on the couplings:

[ABX2 [AB A = 43 x 1073 )

In the subsequent analysis, we will include the constraint
imposed by Eq. (7) by indicating which regions of the plots
are not favored by the naturalness considerations. A more
precise analysis would involve solving renormalization
group equations for the couplings in the model.

B. u — ey decay

The relevant Feynman diagrams for this process are
presented in Fig. 1. The uniqueness of model I is that,
apart from the fact there is no tree-level proton decay, the
M — ey rate is enhanced by the top quark mass. To our
knowledge, such an enhancement of u — ey was ob-
served previously only in Ref. [9] in the context of an
SU(2) singlet scalar leptoquark model. However, that
model suffers from perturbative proton decay, and the
impact of the m, enhancement was not focused on.

Keeping only the piece enhanced by m,, the sum of
amplitudes corresponding to the diagrams in Fig. 1
(neglecting the terms proportional to m,) is given by
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FIG. 1. Feynman diagrams contributing to the process
m—evy.
iM = = 2 2 ke (K)
2,2 veu
167" my,

X [APX2er(p — K)ot ui(p)
+ (Y APy e (p — ko ur(p)],  (10)

where k is the photon four-momentum and e is the photon
polarization. The function f(m?/m3) is given by

1 —x2+2xlogx 2/1 —x+logx
Fo) = g ( g) (11)

A= 3\ a—ap

and the tilde over the couplings denotes that they are
related by transformations that take the quarks and leptons
to their mass eigenstate basis through the following 3 X 3
matrix transformations:

A= U RAUE L), A =Ul R\ UuL)

12)

where the right-handed up quarks in the Lagrangian are
related to the right-handed mass eigenstate up-type quarks
by the matrix U(u, R), the left-handed up quarks in the
Lagrangian are related to the left-handed mass eigenstate
up-type quarks by the matrix U(u, L), etc.

The pu — ey decay rate is

9e2 \2mims,
[ — ey) = mf(m%/m%/)z, (13)
where
_ Mysienp o Visssp
A= §|/\e*/\u | +§|/\u A2 (14)

Figure 2 shows the relation between A and the scalar
leptoquark mass. This dependence was plotted for the
M — ey branching ratio equal to the current upper limit
of Br(u — ey)~2.4X10"'2 reported by the MEG
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FIG. 2 (color online). The combination of couplings A from
Eq. (14) as a function of the scalar leptoquark mass for two
values of the w — ey branching ratio relevant for the MEG
experiment. The shaded region consists of points which do not
satisfy Eq. (7).

experiment and the prospective MEG sensitivity of
Br(u — ey) = 5.0 X 10713, It shows that the experiment
will be sensitive to scalar leptoquark masses at the hundred
TeV scale for small values of the couplings.

For very small x, f(x) — f(x) = % Jog x. This is a rea-
sonable approximation in the range of x we are interested
in. For example, £(1078)/£(1078) = 1.1.

C. p — e conversion

The effective Hamiltonian for the wu — e conversion
arises from two sources,

j-[eff = 5-[(;3 + j‘[gg (15)
The first is the dipole transition operator that comes from

the loop diagrams which are responsible for the u — ey
decay, given by

3em 13§
.7{?) = ——5 f(m}/m}))[ AP X ero,,, w FA7
ff 327 m3, v g
+ () (AP) 2,0 ] (16)

Using the following Fierz identities (for spinors),

_ _ 1, _ _
(@ uap)isgity) = 5(”1L 7””4L)(”3R7MM2R)y
1
(it upg) (i3 tag) = z(’/_‘lL’/MR)(’ZE»L”ZR)

1
"‘g(ﬁlLUWMR)(%RU'W“zL)y (17)

we arrive, after integrating out the heavy scalar leptoquarks
(at tree level), at the second part of the effective
Hamiltonian:
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i~ _ B o~ B _ 1 _ _
{)‘Lz(A}tl)*(eLVMML)(uaRY,L Ugr) + )lél/\:iz[cs(l/«)(eRML)(MaRMaL) + ZCT(,U«)(eRO'WML)(%RO'W%L):I

+ /E‘l(le)*(éR‘yﬂlu‘R)(ﬁaL’yMuaL) + (le)*(lell)*I:CS(M)(ELMR)(ﬁaLuaR) + %CT(M)(ELO-MV/"“R)(I’_‘aLa-,uvuaR)jI}

1 - - _
+ W()‘eVCKM)“((/\eVCKM)zl)*(ER')’M:U’R)(daL'y#daL) te (18)
Y

The Cabibbo-Kobayashi-Maskawa matrix arises whenever
a coupling to the left-handed down-type quark appears. In
Eq. (18) the contribution of the heavy quarks, as well as the
contribution of the strange quark, are in the ellipses. Since
the operators gg and go*”q do require renormalization,
their matrix elements develop subtraction point depen-
dence that is cancelled in the leading logarithmic approxi-
mation by that of the coefficients Cg 7. Including strong
interaction leading logarithms, we get

~12/(33-2N,)
Cslp) = [0;((":5)] e (19)
and
) /(33—2N,)
Cr(p) = [CZ(ZLV))T e 20)

where N, = 6 is the number of quarks with mass below
my . In order to match the effective Hamiltonian (18) to the
Hamiltonian at the nucleon level and use this to compute
the conversion rate, we follow the steps outlined in
Refs. [14,15].

Our results, taking into account only the contribution

from H. fj}} are shown in Fig. 3. The current experimental
limit is Br(u — e conversion in Au) < 7.0 X 10~ [16].
However, here we focus on the prospective Mu2e experi-
ment [2], which has a sensitivity goal of 5 X 107!7. The
COMET experiment [3] aims for comparable sensitivity
in later stages. We use the total capture rate for g Al of
Weaprure = 0.7054 X 10° s™1 [17] to switch from the
M — e conversion rate to a branching ratio.

Apart from coupling constant factors, the contribution to

the u — e conversion amplitude from F g)f is enhanced

over the contribution to the amplitude from Sﬁ roughly
by (m,/m,)(3e*/327%)log (m3,/m?) ~ 10 for my in the
hundred TeV range.

Our results show that in some regions of parameter
space, the Mu2e experiment will be able to constrain
leptoquark couplings with similar precision to that which
can be done with an experiment which is sensitive to a
branching ratio for u — ey of around 107'4. In other
regions the Mu2e experiment is likely to give a more
powerful constraint for such a u — e7y branching ratio,
for example, when the Yukawa couplings are strongly
hierarchical and the top quark loop is very suppressed.

To show graphically the contributions to the branching
ratio originating from terms in the effective Hamiltonian

with different structures, we set all the couplings to zero
apart from A3, AZ3, A3 4320 AL ALZ for simplicity; i.e.,
we leave only the couplings relevant for the u — e7y decay
and one of the vector contributions to f:f’%

Note that the heavy quark contributions are suppressed
by Aqcp/mg; low energy phenomenology suggests that
the strange quark contribution is small, and furthermore
the tensor contributions are not enhanced by the atomic
number of the target.

In addition, we consider only real couplings and define
k = ALAZ We also assume AP A32 = A31A23 = ), so that
we can plot A as a function of the scalar leptoquark mass
my, for a given value of the ratio,

S11 512
gz = = /\M Au = = . (21)
VEABAR)? + (A A5

r=

Figures 4-7 show our results for a few values of r = *1,
*10, =100, =200, and two values of the branching ratio
Br(u — e conversion in Al) = 10716, 10717,

For r =1 the branching ratio is dominated by the
H S}} contribution, and in this parameter region all
curves look like the ones in Fig. 3. For larger values
of r, depending on the relative sign between the con-
tributions from g} and H S;%, there are two possibil-
ities. If the interference is constructive, the curve moves

s5x10-5 | NOT FAVORED NATURAYNESS
ax10°F -7
| . -16
_ Br(u—e in A)=10
~ 3x10 3 ': (/1 )
-5
2x107F Br(u—e in AD=10""7
1075 +
(1}= L L | L ! L
0 50 100 150 200 250 300
my[TeV]

FIG. 3 (color online). The combination of couplings A from
Eq. (14) as a function of the scalar leptoquark mass for two
values of the Br(u — e conversion in Al) relevant for the Mu2e
experiment. The thin solid line, corresponding to Br(u — ey) =
1074, is included for reference. The shaded region consists of
points which do not satisfy Eq. (7).
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5105 L NOT/FAVORED BY NATURALNESS
4%107 +
~ 3x107° r=100 r=200
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FIG. 4 (color online). The combination of couplings A from
Eq. (14) as a function of the scalar leptoquark mass for a
branching ratio Br(u — e conversion in Al) = 107'® and four
different positive values of the ratio of the couplings r from
Eq. (21). The shaded region consists of points which do not
satisfy Eq. (7).

down with increasing r since a smaller value of the
coupling A is required to achieve a given branching
ratio (Figs. 5 and 7). In the case of a destructive
interference, the curves move up until a value of r is
reached for which the two contributions are the same
(Figs. 4 and 6). As estimated before, this occurs for
r = 10. Increasing r further brings the curves back

down, since the H Sf’z contribution becomes dominant.

Large values of r are expected if the Yukawa couplings
of X exhibit a hierarchical pattern like what is observed in
the quark sector; k changes generations by one unit while
the product of couplings in A involves changing genera-
tions by three units. Finally, we note that for all the curves
in the plots above, the Yukawa couplings are well within
the perturbative regime.

D. Electron EDM

Another flavor constraint on the couplings of model I
comes from the electric dipole moment (EDM) of the

sx10-5 | NOT FAVPRED BY NATURALNESS
4x107 |,
|
~ 3x107 r=—10 r=—100 / r=—200
2x107° +
107+
Br(u—e conv.in AD=1071°
0 Ex L L I L !
0 100 200 300 400 500
my[TeV]

FIG. 5 (color online).
of r.

Same as Fig. 4 but for negative values
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51075 L VORED BY NATURALNESS
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~ 3x107° r=100 r=200

2x107° b

1075+

Br(u—e conv.in Al)=10’17
[ L L L L L
0 200 400 600 800 1000
my[TeV]

FIG. 6 (color online). Same as Fig. 4 but for a branching ratio
Br(u — econversion in Al) = 1077,

electron. As mentioned earlier, the fact that X couples
directly to both left- and right-handed quarks means that
at one loop the top quark mass can induce the chirality flip
necessary to give an electron EDM. We find that

3em,

de| =~ —5—
16w mi

fm2/m)Im ARG (22)

The present electron EDM experimental limit [18] is
|d,| <10.5 X 107 2¢ cm. (23)

We can write the dipole moment in terms of the branching
ratio, Br(u — evy), giving the constraint

I X13X31
IR BT oxi0n. e

For example, if model I gave a branching ratio equal to the
current experimental bound of Br(u — ey) < 2.4 X 10712,
this would correspond to the constraint on the couplings of
[Im[ A3 A31]| /A < 0.13. Figure 8 shows the relation between
the parameters [Im[A}3A3!']| and m, for the electron EDM
equal to |d,| = 10?7, 10728, and 10~ % ¢ cm.

RED BY NATURALNESS

r=-10 r=-100 / r=-200

Br(u—e conv.in Al)= 1077

0 200 400 600 800 1000
my [TeV]

FIG. 7 (color online). Same as Fig. 5 but for a branching ratio
Br(u — e conversion in Al) = 10717,
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4x1070 -
NOT FEAVORED BY NATURALNESS
_ 3x107°
Q -6
Su 2x10
E
1076
0 . . . .
0 100 200 300 400
mV[TeV]
FIG. 8 (color online). The combination of couplings

[Im[A3A31]| as a function of the scalar leptoquark mass for
three different values of the electron EDM. The shaded region
consists of points which do not satisfy Eq. (7).

IV. BARYON NUMBER VIOLATION AND
DIMENSION-5 OPERATORS

Tree-level renormalizable interactions are not the only
possible source of baryon number violation. It might
also occur through higher-dimensional nonrenormalizable
operators. In the standard model, proton decay is restricted
to operators of mass dimension 6 or higher. However, the
scalar leptoquark models we consider exhibit proton decay
through dimension-5 operators.

Let us first consider model I, in which X = (3,2, 7/6).
Although it does not give proton decay at tree level, one
can construct the following dimension-5 operator:

1
O; =~ 8" dg, dy5(H'X ) e*F?. (25)

The coupling constant matrix g is antisymmetric in flavor
space. Because of the tree-level leptoquark couplings
(see Table I), baryon number violating decay occurs
here through the process shown in Fig. 9, resulting in
n— e K* and p — K" v. Setting the coupling constants
to unity, we estimate the baryon number violating nucleon
decay rate caused by this operator to be

50 TCV)4 <M PL

—)2 GeV. (26)

I,=2x 10*57< A

my
Since the current experimental limit is I'," <2.7 X
10790 GeV [19], even if the scale of new physics A is
equal to the Planck mass Mp;, when the coupling constants
are unity, this operator causes too large a proton decay rate
for my < 10000 TeV.

In the case of model II, where X = (3, 2, 1/6), there are
two dimension-5 baryon number violating operators:

1
O} = 5 8" hadhp(H X, e, .

1
(9%) = Kg“buj‘eaeﬁ’e(Xﬁ €X,)e*P?.
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H
s ;> Qu
/

— . —

d e, L

FIG. 9. Feynman diagram representing proton decay in
model I.

The operator (93}) permits a nucleon decay pattern similar

to the previous case, e.g., n— e 7' and p— 7y
Proton decay through the operator (9%) is much more
suppressed.

In order to prevent proton decay through dimension-5
operators, one could introduce a discrete gauge symmetry
that forbids the baryon number violating nonrenormaliz-
able couplings. Since B — L is the only anomaly free
global symmetry in the standard model, we chose to
impose a discrete subgroup of B — L. In models I and II,
the leptoquark has B — L = 4/3. The usual Z,, where the
nontrivial transformation is (—1)57%, does not work, as
the operators @;, O'), and O are invariant under this
transformation. However, we find that imposing a Z5 dis-
crete symmetry, with elements that are powers of
exp[2mi(B — L)/3], forbids these dimension-5 operators
and, thus, prevents the proton from decaying in this class of
models. Note that gauging B — L and spontaneously
breaking the symmetry with a charge three scalar (at
some high scale) leaves this unbroken discrete Z; gauge
symmetry. It is not possible to use any discrete subgroup of
B — L to forbid proton decays in the models from Table I
which exhibit proton decay at tree level since all the
interactions conserve B — L.

Finally, we would like to comment on the relation
between this work and that of Ref. [13], where renormaliz-
able models that have additional scalars and have baryon
number violation at tree level but not proton decay were
enumerated and discussed. In these models, none of the
scalars were leptoquarks (they could rather be called
diquarks or dileptons). However, if we permit higher
dimension operators, then models 4 and 9 presented in
Ref. [13] containing the scalar X = (3, 1, 2/3) (which has
renormalizable diquark couplings) have dimension-5
leptoquark-type couplings,

1 _
O = Kgub(QimH)e?eXa- (28)

This operator, combined with the renormalizable couplings
of X to two quarks, gives proton decay with the rate
estimated in Eq. (26). This observation restricts the
parameter space of models 4 and 9 to the one in which
either the color triplet scalar X is very heavy or its Yukawa
couplings are small.
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V. CONCLUSIONS

We have investigated the minimal set of renormalizable
models in which a single scalar leptoquark is added to the
standard model with the requirement that proton decay
not be induced in perturbation theory. We have looked in
detail at the model which gives an unusual top quark mass
enhancement of the branching ratio of u — ey, and
studied whether this enhancement results in greater experi-
mental reach given a naturalness constraint on the lepton
mass matrix.

For this model, we have considered the & — ey branch-
ing ratio, the u — e conversion rate, and the electric dipole
moment of the electron, in light of current constraints and
future experiments. We have shown the potential limits the
MEG, MuZ2e, and the electron EDM experiments could
place on some of the couplings of the scalar leptoquark
to the Qe and Lii bilinears. We have explored the region of
parameter space for which the loop contribution to the
charged lepton mass matrix does not overwhelm the tree-
level part. Given this naturalness constraint, and focusing
on the contribution enhanced by m;, we have found that
current experiments are sensitive to leptoquark masses on
the order of a hundred TeV, whereas future experiments
may push the sensitivity into the several hundred TeV mass

PHYSICAL REVIEW D 88, 035009 (2013)

region. Without the naturalness constraint, taking the
relevant Yukawa couplings to unity, the experimental reach
would be 10000 TeV.

We have commented on the existence of nonrenormaliz-
able operators in these minimal models, which can give
an unacceptably large proton decay rate for my, <
10000 TeV, as well as provided a simple mechanism for
avoiding them.

Since there are only two scalar leptoquark models where
at the renormalizable level baryon number is automatically
conserved, it would be interesting to examine a more
extensive range of phenomena and address, over a wide
range of parameter space, how to distinguish experimen-
tally between these two models.
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