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Lepton number violation at the LHC with leptoquarks and diquarks *
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Abstract. 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.

1 Introduction Table 1. List of scalar particles added to the SM.
Although the lepton number is conserved in the standard H SU(3k ‘ SuU(2) ‘ U1y H L# ‘ B#

model (SM) of particle physics, the addition of the Ma- Se 3 1 13 1] 13

jorana mass term of neutrinogvf wherec denotes the Lg = = _

charge conjugation) breaks the lepton number conserva-  Spg 6 1 -2/3 || 0| 2/3

tion by two units. The measurement of the lepton number

violating (L#V) processes such as the neutrinoless dou-

ble beta decay is extremely important because it gives evSU(2) , and hypercharg¥ = —1/3. We also introduce a
idence that neutrinos are Majorana particles. Such proscalar diquark multipleBpg Whose baryon number ig 2.
cesses are naively expected to be very rare because newe takeSpq as a6 representation of SU(g) a singlet un-
trino masses are very small. However, in models of radia-ger SU(2), and aY = -2/3 field. Note thasg% = /S%,
tively generated neutrino masses, a trilinear coupling conywhereq andg (= r, g, b) denote the color indices.

stant for light (e.g. TeV-scale) scalars can be more funda- The baryon number conservation is imposed to the

mental thar_1 light neutrino masses as the L#V parameter gf,,ye| such that the proton decay is forbidden. We intro-
thF." acces&blg energy scale. Then, _L#V. processes via thgqo the soft-breaking term (see the next paragraph) of the
rilinear coqpllng cons_tant can be significant at the TeV- lepton number conservation to the scalar potential in or-
scale even if the neutrino masses are suppressed enoug er to generate Majorana neutrino masses. The Yukawa

New particles relate_d to the neutrino mass generat'ognteractions with the leptoquark and diquark are given by
are usually produced via the electroweak interaction, an

therefore the production cross sections are not so signif- — . L " o e
icant at the LHC. However, new particles in the loop Lvukawa = = {L2 (V)aio2 Q7 + (GR)° (YR)a uiR}(SLQ)

of the radiative seesaw models can be charged under the — (d)e (Ys)ij djf”R (SgﬁQ)* +H.c, (1)
SU(3): [2-4]. Such a colored particle can easily be pro-

duced at hadron colliders. In this presentation, we inveSyyhereo, (a = 1-3) are the Pauli matrices. We choose

tigate a radiative seesaw model with a scalar leptoquarkye diagonal bases of mass matrices for the charged lep-

multiplet and a scalar diquark multiplet. tons and down-type quarks. Then, the SY(Pgart-
ner of d, is described asi = (V(T:KM)ij U, , Where
2 The Model Vekm is the Cabibbo-Kobayashi-Maskawa (CKM) ma-

trix and u; = (ujR, ujL)T are mass eigenstates of up-type
Scalar particles listed in Table 1 are introduced to the SM.quarks. Mass eigenstates of neutrinos are given by
The model is briefly mentioned in Ref. [2]. The model vie = (Ul o) Ve WhereUwns is the Maki-Nakagawa-
includes a scalar leptoquark multiplBtq whose lepton  gakata (MNS) matrix. The Yukawa matrices ( Yr, and
number (#) and baryon numbeB) are 1 and 13, re- v are 3x 3 matrices under the lepton flavat £ ey, 7)
spectively. Under the SM gauge group, gy iS as-  and the down-type quark flavorif = 1-3). WhileY, and
signed to the same representation of rlghﬁ-handed downy, gre general complex matricé4, is a symmetric matrix
type quarks; & representation of SU(8) a singlet under  (vT — y,). Note that neutrinos interact with the leptoquark

*This presentation is based on our work in Ref. [1]. only throughy,.
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Figure 1. The two-loop diagram for the neutrino mass generation
in the model.

In the scalar potential of the model, we introduce the
following three-point interaction:
1 (STQ)" (SlQ)" Spo + Hec. 2)

The coupling constani softly breaks the lepton number
conservation by two units while the baryon number is con-

At the loop level, &ects of leptoquarks on charged
lepton transitions, i.e.fi — {jy, have also been stud-
ied [10]. Since we assume th&{q has the Yukawa inter-
action only with the left-handed quarks (nama&ty = 0),
the contribution from the top quark loop does not give
a large enhancement éf — ¢;y. Then, the branch-
ing ratio of y — ey is calculated as BR( —» ey) =
30, ’(YLYE)e,,r /(256:G2nf,), whereay, = 1/137.
For example, a benchmark point shown in Appendix A
gives BR(u— ey) = 6.5x 1072 which satisfies the cur-

rent upper bound (2.4 1012 at 90 % confidence level) in
the MEG experiment [11].

3.2 Diquark

Atthe LHC, the diquarkSpg in the cZBM would be singly
produced by the annihilation of two down-type quarks
via (Ys)11. The (¥%)11 in the cZBM is less constrained
by the neutrino oscillation data because its contribution

served. There is no other possible soft-breaking term ofto neutrino masses is suppressednhger%Q. If we as-

the lepton number and/or the baryon number.
The neutrino mass tenﬂb(Mv)mv_[L(vf,L)c in the fla-
vor basis is generated by a two-loop diagram in Fig. 1 in-

sume (Y11 = 0.1 andmy, = 4TeV, the single pro-
duction cross sectiorr(dd — Spg) is about 5fb at the
LHC with /s = 14 TeV [12]. Note that the CMS exper-

cluding the leptoquark and the diquark. The diagram isiment at /s = 7 TeV with 1fo! integrated luminosity

similar to the one in the Zee-Babu model (ZBM) [6] al-
though SU(3}-singlet particles in the loop are replaced

excludes diquark masses between 1 TeV and 3.52 TeV at
95 % confidence level by assuming the diquark decay into

with colored particles. Thus, we refer to this model as thetwo QCD jets for theEg diquark which couples with an
colored Zee-Babu model (cZBM). The neutrino mass ma-up-type quark and a down-type quark [13].

trix in the cZBM is calculated as

(M)ee = +24u(Y() 4 my (Ys)ij lij mdj (Yz)jgu 3)
where l;; is the two loop function (See Ref. [5] for the
explicit form of I;;).

Hereafter, we restrict ourselves to the simplest sce
nario whereYg (which does not contribute taW,).~) is

small enough to be ignored. 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 leptoquarks have been searched at the Tevatron a
the LHC. The most stringent lower bound om, at 95 %

confidence level is set as 830 GeV (840 GeV) by the re-

cent CMS result atys = 7 TeV with 50fb™! integrated
luminosity [7] (See also Refs. [8]).

The leptoquark induces various LFV processes. At
the tree level, four-fermion operators (two left-handed lep-
tons and two left-handed quarks) are generated by inte
grating leptoquarks out. Operato® ¢u, )(U; y,u, ) and
(qy”v{,,L)(d_Lyﬂg_) are strongly constrained by thee
conversion search and tike meson decay measurement,
respectively [9]. For the benchmark point in Appendix A,
we havel(Yy)ex(Y))ual/(4 V2Geme,) = 6.1x 107 and

I(YL)a(YE)z'zI/(4\/§GFHfQ) < 107 which satisfy con-
straints shown in Ref. [9], whe@r = 1.17x10°° GeV 2,

n

The diquark induces flavor changing neutral current
processes in the down-type quark sector. Especially, it
gives tree-level contributions #6°-K°, B3-BY and B-B2
mixings, resulting in strong constraints Q. By using
the notations in Ref. [14], the benchmark point in Egs. (4)
givesCy = —(Y2)11(Ys)22/(2M3 ) = 0. Similarly, we have

Ci, = +12x10*2Gev? andC} = 0. These values
satisfy the constraints obtained in Ref. [14].

The diquark in the cZBM decays into not only a pair of
the down-type quarks but also a pair of leptoquarks. Sub-
sequently, 50 % of each leptoquark decays into an up-type
quark (a down-type quark) and a charged lepton (a neu-
trino). Then, the model provides a characteristic 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 recon-
structed at the LHC. This signature can be a smoking gun
for the lepton number violation because no lepton number
is taken away by invisible particles. There is no irreducible
background in principle because the SM conserves the lep-
ton 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 pro-
cess is not necessarily suppressed though the full pro-
cess picks up all new coupling constants relevant to the
small neutrino masses (nhame¥g, u, andY.). One rea-
son for that is because the process in Fig. 2 does not have
suppressions with the two-loop factor(162%)? and with
down-type quark masses, which are used for tiny neu-
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u; A A benchmark point
dR 1 Here, we show a benchmark point of the model:
~3
2 Og, 5 2 _ 3
S.3 / 81x10° 40x 10 7.0x10°
e ¢ 4 L Y =| -49x10° 53x10?% 44x1072 |,
. U, 31x10° -23x102 89x1072
AN (4a)
dp SLO 1.0x 107! 0 0
v Yo = 0 0 ~12x102|, (4b)
L 0 -12x102 -38x10*
Figure 2. The same-signed charged lepton signature without H = 1TeV, mgo=1TeV, my, =4TeV. (4c)

issi t the LHC. . . .
missing energy atthe The benchmark point gives the following values:

Sirf 26,3 = 1, sirf 2613 = 0.1, sirf 26;, = 0.87,6 = 0,
m = 0, Amg, = 24x 103%eV? > 0, andAm, =
2 .
trino masses. The other reason is that on-shell produc-7 '.6 x 10°°eV®. The effective mass relevant 2‘” the neu-
tions of a diquark and leptoquarks are utilizedddd —  trinoless double beta decay ¥l{)ee ~ 1.5x 107 eV.

SDQ)BR(SDQ — SLQSLQ) [Z[,i BR(SLQ - ZLuiL) 2; even
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