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We investigate a model in which tiny neutrino masses are generated at the two-loop level by using scalar
leptoquark and diquark multiplets. The diquark can be singly produced at the LHC, and it can decay into
a pair of leptoquarks through the lepton number violating interaction. Subsequent decays of the two
leptoquarks can provide a clear signature of the lepton number violation, namely two QCD jets and a
pair of same-signed charged leptons without missing energy. We show that the signal process is not

suppressed while neutrino masses are appropriately suppressed.
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1. Introduction

The Standard Model (SM) gauge symmetry of elementary par-
ticles based on the SU(3)¢ x SU(2); x U(1)y has been tested very
accurately. On the other hand, the existence of the neutrino masses
has been established [1-6]. This is clear evidence of the new
physics beyond the SM because neutrinos are massless in the SM.
Since neutrinos are electrically neutral, they can be Majorana par-
ticles unlike the other SM fermions [7]. The reason why neutrino
masses are very different from those of the other SM fermions
might be the Majorana property of neutrinos.

The most familiar utilization of the Majorana property to gen-
erate tiny neutrino masses is the so-called Type-I seesaw mech-
anism in which SU(2);-singlet right-handed neutrinos mediate in
the tree diagram [8]. Because of the suppression by mass scales
of new heavy particles, naturally light neutrinos can arise. An-
other typical prescription to obtain tiny Majorana neutrino masses
is the so-called radiative seesaw mechanism [9-13], where neu-
trino masses are induced at the loop level. In these models,
the suppression of neutrino masses can be achieved by the loop
suppression factor and/or a combination of new coupling con-
stants even if new particles are not very heavy. The masses of
charged leptons involved in the chirality flipping loop provide fur-
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ther suppression of the neutrino masses in some of such models
[9-11].

Although the lepton number is conserved in the SM, the ad-
dition of the Majorana mass term of neutrinos breaks the lepton
number conservation by two units. The measurement of the lepton
number violating (L#V) processes such as the neutrinoless double
beta decay [14,15] is extremely important because it gives evi-
dence that neutrinos are Majorana particles. Such processes are
naively expected to be very rare because neutrino masses are very
small. This is true for the Type-I seesaw model with very heavy
right-handed neutrinos because light Majorana neutrino masses
are unique lepton number breaking parameters at the energy
scale which is experimentally accessible. However, in radiative see-
saw models, a trilinear coupling constant for light (e.g. TeV-scale)
scalars can be more fundamental than light neutrino masses as
the L#V parameter at the accessible energy scale. Then, L#V pro-
cesses via the trilinear coupling constant can be significant at the
TeV-scale even if the neutrino masses are suppressed enough.

New particles related to the neutrino mass generation are usu-
ally produced via the electroweak interaction, and therefore the
production cross sections are not so significant at the LHC. How-
ever, new particles in the loop of the radiative seesaw models can
be charged under the SU(3)¢ [16-18]. Such a colored particle can
easily be produced at hadron colliders. In these models, decay pat-
terns of new colored particles could be related to the form of the
neutrino mass matrix constrained by the neutrino oscillation data
[16-19] (see also [20]).

In this Letter, we investigate a radiative seesaw model with
a scalar leptoquark multiplet and a scalar diquark multiplet.
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Table 1
List of particle contents of the model.
_ (v _ (i _ (" ap
Le= ( 3 ) Qia - (d[”f ) o= (¢0 ) Cr uiaR d'thR ng SDQ
SUB)c 1 3 1 1 3 3 3 6
SU@). 2 2 2 1 1 1 1 1
Uy —1/2 1/6 1/2 -1 2/3 -1/3 -1/3 -2/3
Spin 1/2 1/2 0 1/2 1/2 1/2 0 0
L# 1 0 0 1 0 0 1 0
B# 0 1/3 0 0 1/3 1/3 1/3 2/3
Majorana masses of neutrinos are induced via the two-loop dia- _,u
. . . 1 e T ’_ = 1
gram where colored particles are involved in the loop. The lepton 5.5 - | ~ Sig
number violation is caused by the trilinear coupling constant of Cj’ | SB% \\
the leptoquarks and diquark, which can produce a characteris- / ;o \
tic signature at the LHC. The signature consists of two QCD jets ld e (d.)e d. 4.
. . R L ,( iL)Q( ir) | IR o YL
and a pair of same-signed charged leptons without missing en- vy,

ergy, which would be easily observed at the LHC.

This Letter is organized as follows. In Section 2, we present
the model. Section 3 is devoted to discussion on the collider phe-
nomenology and the low energy constraints for the leptoquark and
the diquark in the model. Conclusions are given in Section 4.

2. The model

The particle contents of the colored radiative seesaw model are
shown in Table 1. The model is briefly mentioned in Ref. [16]. The
model includes a scalar leptoquark multiplet (Siq) whose lepton
number and baryon number are 1 and 1/3, respectively. Under the
SM gauge group, the Siq is assigned to the same representation
of right-handed down-type quarks; a 3 representation of SU(3)c,
a singlet under SU(2);, and hypercharge Y = —1/3. We also intro-
duce a scalar diquark multiplet (Spg) which has a baryon number
2/3. We take Spq as a 6 representation of SU(3)c, a singlet under
SU2)L, and a Y = —2/3 field. The diquark of a 6 representation
can be expressed in a symmetric matrix form as

Spo1 Spqa/v2  Spas/v/2
Spbea/v2  Spaz Spas/v2 |- (1)
Spas/v/2 Spbas/~v2  Spgs

The baryon number conservation is imposed to the model such
that the proton decay is forbidden. We introduce the soft-breaking
term (see the next paragraph) of the lepton number conserva-
tion to the scalar potential in order to generate Majorana neutrino
masses. The Yukawa interactions with the leptoquark and diquark,
which preserve both of the lepton number and the baryon number,
are given by

Spq =

Lyakawa = —{ L (YDeiio2 Q¥ + T (YR)eitide } (S8)*
- (d?R)C(Ys)ijde (535)* +Hc, (2)

where o, (a =1-3) are the Pauli matrices, « and 8 (=r, g,b) de-
note the color indices; for example, SrDrQ corresponds to Spqp in
Eq. (1). We choose the diagonal bases of mass matrices for the
charged leptons and down-type quarks. Then, the SU(2); part-
ner of dj; is described as ulfL = (VZKM)U”]L- where Vcgm is the
Cabibbo-Kobayashi-Maskawa (CKM) matrix and uj = (ujR,uj,_)T
are mass eigenstates of up-type quarks. Mass eigenstates v;; of
neutrinos are given by vj; = (U;[ANS)MWL' where Upns is the Maki-
Nakagawa-Sakata (MNS) matrix. The Yukawa matrices (Y, Yg,
and Y;) are 3 x 3 matrices under the lepton flavor (£ =e, i, 7) and
the down-type quark flavor (i, j = 1-3). While Y; and Yy are gen-
eral complex matrices, Ys is a symmetric matrix (YST =Y;). Note

Vgt C
(Yo)u ™a; (Yy)i; M (Yg‘)ﬂ, (vor)

Fig. 1. The two-loop diagram for the neutrino mass generation in the model.

that neutrinos interact with the leptoquark only through Y;, and
we will see later that Yy is irrelevant to the neutrino mass at the
leading order.

In the scalar potential of the model, we introduce the following
three-point interaction:

1(S8Q) " (Sty)"Sph + Hee. (3)

The coupling constant p softly breaks the lepton number con-
servation by two units while the baryon number is conserved.
There is no other possible soft-breaking term of the lepton num-
ber and/or the baryon number. We can take the p parameter as
a real positive value by using the rephasing of Spg. Considering
radiative corrections to miq and mpq via the w parameter, pertur-
bativity requires pu < min(mpq, mpg) as discussed in Ref. [21] for
the Zee-Babu model (ZBM) [10].

The neutrino mass term %(M,,)w%(v“)c in the flavor basis is
generated by a two-loop diagram in Fig. 1 including the leptoquark
and the diquark. The mass matrix is calculated as

(My)ewr = +247(Y7) ima, (Y5)ijligmay (Y]) ;. (4)

where the loop function I;; is defined as

I _/ d*k / d*k; 1 1 1 1
Y7 ) emr ) @)t k2 — mi k3 — me k3 — mﬁj k% — me
1

X ————————————, 5

(k1 +ko2)2 — ngQ ©)
The diagram is similar to the one in the ZBM although SU(3)c-
singlet particles in the loop are replaced with colored parti-
cles. Thus, we refer to this model as the colored Zee-Babu
model (cZBM). See, e.g., Refs. [21-23] for studies about the ZBM
for comparison with the cZBM. Note that Yg does not contribute
to the two-loop diagram.! In the ZBM, at least one massless neu-
trino is predicted because of the antisymmetric Yukawa coupling
matrix. In contrast, all of three neutrino masses can be non-zero
in the cZBM because Y| is not an antisymmetric matrix. Since new

! The Yy contributes to Majorana neutrino masses at the higher loop level. The
four-loop contribution is utilized in the model of Ref. [24] where Y| is ignored.
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colored scalars should be much heavier than the SM fermions, the
loop function can be reduced to [22]

Iii~Ig= ! ! sy I(mdo/my). (6)

V=07 @m)f (maxfmg, mpgl)? 3\ P IQP

where

3 3 2_

I(r)={1+n2{(lnr) 1} forr>>1, )
1 forr <« 1.

Hereafter, we restrict ourselves to the simplest scenario where
Yg is small enough to be ignored.2 A benchmark point in the pa-
rameter space of the cZBM is shown in Appendix A.

3. New colored scalars at the LHC
3.1. Leptoquark

The main production channel of leptoquarks at hadron collid-
ers would be the pair-creation from gg and qq annihilation [25].
The associated production of S;q with a lepton from g coannihila-
tion could also be possible [26]. The pair-production cross section
is determined only by QCD interaction at the leading order [25],
while the associated production mechanism highly depends on the
Yukawa coupling constant of the leptoquark [26]. The associated
production mechanism is negligible at a benchmark point shown
in Appendix A because of tiny (Y)¢1. The leptoquarks have been
searched at the Tevatron and the LHC. The most stringent lower
bound on the leptoquark mass at 95% confidence level is set as
830 GeV (840 GeV) by the recent CMS result at /s = 7 TeV with
5.0 fb~! integrated luminosity [27]; the pair-production of scalar
leptoquarks is assumed as well as a hundred percent decay branch-
ing ratio into the first (second) generation quarks and leptons.
See also Refs. [28,29] for the ATLAS results with 1.03 fb~! inte-
grated luminosity. The analysis of the decay into third generation
fermions would be performed in near future. The search strategies
for the third generation leptoquarks have been studied in Ref. [30].

The leptoquark induces various LFV processes. At the tree
level, four-fermion operators (two left-handed leptons and two
left-handed quarks) are generated by integrating leptoquarks out.
The constraints on such operators have been extensively stud-
ied in Ref. [31]. Tables 3, 4, 12, and 13 in Ref. [31] are rele-
vant to the cZBM. Especially, operators (epy*up)(ury,ur) and
(my“vyL)(cTLy,LsL) are strongly constrained by the p-e con-
version search and the K meson decay measurement, respec-
tively. For the benchmark point given in Appendix A, we have
|(YDer (Y))yu1l/(4v/2GFmy) = 6.1 x 107" and |(Y)er(Y])e2l/
(4V/2Grm{,) <1077 which satisfy constraints shown in Ref. [31],

where Gr =1.17 x 107> GeV~2.

At the loop level, effects of leptoquarks on charged lepton
transitions, i.e., ¢; — £;), have also been studied [32]. Since we
assume that Siq has the Yukawa interaction only with the left-
handed quarks (namely Yz = 0), the contribution from the top
quark loop does not give a large enhancement of ¢; — Ejy.3 Then,
the branching ratio of & — ey is calculated as

2 If we extend the model as a two-Higgs-doublet model, we can eliminate the
Yr term by using a softly-broken Z, symmetry (e.g., ujg (or €g) and the second
Higgs doublet are Z,-odd fields) which is also required to avoid the flavor changing
neutral current at the tree level. Another example to eliminate the Y term is the
case where the leptoquark is not an SU(2); -singlet but a triplet.

3 It is known that the similar process b — sy (induced by the uncolored charged
Higgs boson) in the Type-II two-Higgs-doublet model is enhanced by the top quark
loop [33].

3u0gm

BR(U —> ey) = —————
=er 2567 GEmy,

[AHME (8)
where oy = 1/137. For example, a benchmark point shown in
Appendix A gives BR(4 — ey) = 6.5 x 10713 which satisfies the
current upper bound (2.4 x 10712 at 90% confidence level) in the
MEG experiment [34].

Since we take Yg = 0, the sign of the leptoquark contribution to
the leptonic g — 2 cannot be changed. It is worth to mention that
the contribution of the leptoquark has an appropriate sign (the
plus sign)* to compensate the difference between the measured
value and the SM prediction for the muon g — 2. The preferred
size of Y| is (YLYI)MIJ« ~1 for mq ~ 1 TeV. In order to satisfy LFV
constraints with this size of Y, a simple ansatz is that Y; is a di-
agonal matrix. Note that we must take care about the constraint on
(VeLy"vur)(dLyust) (see Table 12 in Ref. [31]) even if Y; is diago-
nal; the constraint on (Yp)e1(Y[)y2 is difficult to be satisfied with
(Ys)12 <1 because Y is related to Y through the neutrino mass
matrix. We could not find any viable example of such a parameter
set although it might exist with more complicated structures of Y;
and Ys.

3.2. Diquark

At the LHC, the diquark Spq in the ¢ZBM would be singly pro-
duced by the annihilation of two down-type quarks.”> The single
production mechanism has an advantage to search for the rel-
atively heavy diquark due to the s-channel resonance. The sin-
gle production cross section is determined by (Ys)11, which is
evaluated in Ref. [36] as a function of the diquark mass with a
fixed Yukawa coupling constant. The (Ys)11 in the ¢ZBM is less
constrained by the neutrino oscillation data because its contribu-
tion to neutrino masses is suppressed by mg/m%Q. If we assume
(Ys)11 = 0.1 and mpg = 4 TeV, the single production cross section
o (dd — Spq) is about 5 fb at the LHC with /s = 14 TeV [36]. Note
that the CMS experiment at /s =7 TeV with 1 fb~! integrated lu-
minosity excludes diquark masses between 1 TeV and 3.52 TeV at
95% confidence level by assuming the diquark decay into two QCD
jets for the Eg diquark which couples with an up-type quark and
a down-type quark [37]. See also Refs. [38-40].

The diquark induces flavor changing neutral current processes
in the down-type quark sector. Especially, it gives tree-level contri-
butions to K°-K°, BJ-BY and B?-B? mixings, resulting in strong
constraints on Y. By using the rlotations in Ref. [41], the bench-
mark point in Egs. (A1) gives C 1< = (Y*)11(Y5)22/(2mDQ) =0.
Similarly, we have C =+1.2x 10712 Gev— and Cl = 0. These
values satisfy the constramts obtained in Ref. [41] (see also
Refs. [42,43]).

The diquark in the cZBM decays into not only a pair of the
down-type quarks but also a pair of leptoquarks. The fraction of
fermionic and bosonic decay modes is calculated as

2 (S > did)) m3 tr(YsYd)

~ (9)
F(SDQ1 — S{Q‘S{Q) /1,2

1
mDQ
This formula is the same for the other diquarks because of the
SU@3)c symmetry. We focus on the case where the ratio in
Eq. (9) is less than about unity such that the branching ratio for

4 For a heavy scalar ¢ which interacts with w; and a light fermion ¥; as
L (¥1)¢ ¢, its contribution to the muon g — 2 has the plus sign if the electric charge
of ¢ is greater than —2/3. See also Ref. [35].

5> The diquark can also be created in pair via the gluon-gluon annihilation.
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Fig. 2. The same-signed charged lepton signature without missing energy at the
LHC.

Spq — S1qSiq becomes O(10)%. Subsequently, 50% of each lep-
toquark decays into an up-type quark (a down-type quark) and a
charged lepton (a neutrino). Then, the model provides a charac-
teristic signature in Fig. 2, whose final state consists of two QCD
jets and the same-signed charged lepton pair without missing en-
ergy. The decay chain of the diquark can be fully reconstructed at
the LHC. This signature can be a smoking gun for the lepton num-
ber violation because no lepton number is taken away by invisible
particles. There is no SM background in principle because the SM
conserves the lepton number. It would be also very rare that the
SM process mimics the signal process because the leptons in the
signal events are too energetic to be produced in the SM process.

It should be emphasized that the event rate of the process is
not necessarily suppressed though the full process picks up all new
coupling constants relevant to the small neutrino masses (namely,
Ys, 1, and Yp). One reason for that is because the process in Fig. 2
does not have suppressions with the two-loop factor 1/(1672)?2
and with down-type quark masses, which are used for tiny neu-
trino masses. The other reason is that on-shell productions of a
diquark and leptoquarks are utilized as o (dd — Spg)BR(Spq —
S1eS1)[D>_¢ i BR(S1o — Lruip)]%; even if a partial decay width is
controlled by a small coupling constant (e.g., Spq — fLuj. via
(Y1)ei), its branching ratio becomes sizable when the total decay
width is also controlled by small coupling constants. In this sce-
nario, the ¢cZBM seems the new physics model which is the most
easily probed at the LHC and takes us to the top of the energy
frontier.

For the benchmark point shown in Appendix A, the ratio in
Eq. (9) is 0.18 for which 85% of Spq decays into SiqSiq. Then, 15%
(7%) of Siq decays into a charm quark (a top quark) associated
with an electron or a muon. Decays into an up quark are negligi-
ble for the bench mark point. The decay into a tau lepton might
not be reliable because it gives missing neutrinos. Even if Siq de-
cays into a top quark, hadronic decays (68%) of W* from the top
quark decay have no missing energy. As a result, the cross section
for L#V events without missing energy is about 0.18 fb at the LHC
with /s =14 TeV for the benchmark point.

In the energy scale which is much below the new scalar
masses, the diagram in Fig. 2 becomes a dimension-9 operator of
six fermions. Such L#V operators up to dimension-11 have been
studied in Refs. [16,44]. The dimension-9 operator in the cZBM
is highly suppressed by the inverse power of mass scales of new
colored particles as well as by new Yukawa coupling constants.
Therefore the collider signature in Fig. 2 does not conflict with the
stringent constraints from the other lepton number violating ob-
servable such as the neutrinoless double beta decay [14], and lep-
ton number violating rare decays T — ¢FMEME(M = 7, K) [45],
M* — M'FTe=¢'5(M = B, K, D) [46] and t — be+¢'TW— [47,48].

4. Conclusions

We have studied a model for neutrino mass generation with the
scalar leptoquark Siq and the scalar diquark Spq. Tiny Majorana

neutrino masses are induced at the two-loop level where the col-
ored particles are involved in the loop. The trilinear scalar coupling
constant between two leptoquarks and a diquark is the only pa-
rameter of the lepton number violation in this model. The diquark
can be singly produced at the LHC via the resonance mechanism,
and it can decay into a pair of leptoquarks through the lepton
number violating coupling. The leptoquarks can further decay into
a charged lepton and an up-type quark. Thus, the model gives a
distinctive signature at the LHC, namely pp — Spg — SigSiqQ —
£~ ¢~ jj without missing energy, which would be a clear evidence
of the lepton number violation. We have shown that the lepton
number violating process is not suppressed because of on-shell
productions and decays of the diquark and the leptoquarks, while
Majorana neutrino masses are highly suppressed.
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Appendix A. A benchmark point

Here, we show a benchmark point of the model:

81x10™> 40x10%2 —-7.0x1073
YL = (—4.9 x107° 53x1072 4.4x102 ) , (Ala)
31x10> —-23x10"2 89x 102
1.0 x 107! 0 0
YS=< 0 0 —1.2x10—2>, (A1b)
0 —12x107%2 —-38x10*
u=1TeV, mg =1TeV, mpq =4 TeV. (Adc)

We define an overall constant of neutrino masses as C = 24ulp >~
6.0x 1077 GeV~1.

The neutrjno mass matrix is diagonalized as UIANSMVU,’(ANS =
diag(my, mpe'*?1, mze'*31) with Upns which can be parametrized
as

1 0 0 C13 0 513645
Umns = (0 €23 523) ( 0 1 0 )
0 —s3 23/ \—s13¢® 0 cy3

cz s12 0
x| —s12 c12 0],
0 0 1

where c;; (sij) denotes cos6;; (sin;;). We use the following values:
sin? 26,3 = 1, sin® 2613 = 0.1, sin® 261, = 0.87, § =0, Am2, = 2.4 x
103 eV? > 0, and Am3, =7.6 x 107> eV2. Matrices Y, and Y; in
Egs. (A.1) are constructed by assuming the following structures:

(A.2)

1 0 0
\/ 3 B \/ o x 00
Yr = Upns my—+ms my—+ms 0y 0], (A.3a)
my m3 0 0 z
my+ms my+ms
(Y1 0 0
A
Y, = 0 0 - yzmszm;C (A.3b)
0 __/Mmam3 __m3—my
yzmsmpC 2mic

It is easy to see that M, with these matrices results in my =
X*m3C(Yo)11, 21 =0, and a3 = 7. We use x=10"4, y = 0.07,
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z=0.1, mg =5 x 1073 GeV, ms = 0.1 GeV, mp = 4.2 GeV and
(Ys)11 = 0.1. Note that the benchmark point gives (M, )ee ~ 1.5 x
103 eV, which is the effective mass relevant for the neutrinoless
double beta decay.
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