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Tiny neutrino masses can arise naturally via loop diagraAfter a brief review of the radia-
tive mass generation mechanism, | present a new model whée® scale leptoquark scalars
induce neutrino masses via two—loop diagrams. This modeligis the neutrino oscillation pa-
rameter siRB;3 to be close to the current experimental limit. The leptoksare accessible to
experiments at the LHC since their masses must lie below \5 dnd their decay branching
ratios probe neutrino oscillation parameters. Rare lefiemor violating processes mediated by
leptoquarks have an interesting pattegn:— ey may be suppressed, whije — 3eandu —e
conversion in nuclei are within reach of the next generatigperiments. Muory — 2 receives
new positive contributions, which can resolve the discnegebetween theory and experiment.
New CP violating contributions tBs — Bs mixing via leptoquark box diagrams are in a range that
can explain the recently reported dimuon anomaly by the Diéalooration.
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The standard paradigm for explaining tiny neutrino massdbld seesaw mechanism, which
generates an effective dimension-5 operétpr= (LLHH)/M, suppressed by the mass sddlef
the heavy right-handed neutrind. ljere denotes lepton doublets, whileis the Higgs doublet.)
Oscillation data suggests that in this scen&fie~ 10'* GeV, which is well beyond the reach of
foreseeable experiments for direct scrutiny. An intengstilternative to the high scale seesaw
mechanism is radiative mass generation. The smallnessutrime masses can be understood as
originating from loop and chirality suppression factorfieTscale of new physics can naturally be
around a TeV in this scenario. The simplest among this clasmdels is the Zee model [1] where
neutrino masses are induced as one—loop radiative camsdrising from the exchange of charged
scalar bosons. The effective lepton number violating dpeiia this model is0, = LLLeH /M.

To convert this operator to neutrino mass, a loop diagramdégssary, as shown in the first diagram
of Fig. 1. Here®; is a charged scalar singlet transforming a4, 1) of SU(3) x VU (2). xU (1)y
gauge symmetry and coupling to lepton doubletsidsL ;@] with fT = —f. ®,(1,2,-1/2) isa
second Higgs doublet that generates charged lepton madsesubic scalar couplind; ®,H in
the scalar potential, along with the tetd,H )2 ensure that lepton number is explicitly broken. The
neutrino mass in this model is given by, ~ (fmZ +m2fT)/(16mMg), which for Mgy = 1 TeV
andf = 1073 yieldsm, ~ 0.05 eV, of the right order to explain atmospheric neutrindlzons.
The simplest version of the Zee model is however excludeddmrimo oscillation data, since it
predicts all the diagonal entries of the neutrino mass méaidrbe zero, which is inconsistent.

In a second class of models, neutrino masses arise as tvporddative corrections [2] via
the exchange of a singly charged scafar(1,1,1) and a doubly charged scald»(1,1,—-2), as
shown in the second diagram of Fig. 1. The Yukawa couplifigsL;®; + gijefeS®, ~, with
fT =—f, g' =g, along with the cubic scalar coupliripf @ ®, ~ ensure lepton number violation.
The effective operator of this model i& = LLLe°Le*/M?, which requires two—loop dressing to
convert to neutrino mass. Sinog, ~ (fmgm, f7)/[(161)°Mg] in this model, forf ~ g~ 0.1,
andMqe ~ 1 TeV, m, ~ 0.05 eV is generated. This model is consistent with neutriraillagon
data, and predicts the lightest neutrino to be nearly mssslIEhenomenology of this model has
been studied in Ref. [3]. The cross section for the prodnatica 1 TeVd, ~ at the LHC (/s= 14
TeV) is about 20fb, which should be observable with its decay into same sigptbhs.

Figure 1: Loop diagrams generating small neutrino masses in the Zeelnfieft) and in the model of Ref. [2] (right).

A classification of low-dimensional effectivsl. = 2 lepton number violating operators that
can lead to neutrino masses has been given in Ref. [4]. Theflisperators include®; =
L'LIQ¥d°H' eikeji, which appears in the context BEparity violating supersymmetry. The operator
Og = Li€® WdCHjs” is the subject for the remainder of this paper, which leadantdnteresting
neutrino mass modelZg is most directly induced by the exchange of scalar leptdquérQ).
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The order of magnitude afy, arising from &g is m, ~ (mmpm; uv) /[(167)°M{,], wherep is
the coefficient of a cubic scalar coupling, ane- 174 GeV is the electroweak VEV. In order to
generatem, ~ 0.05 eV, it is clear thaM_q must be of order TeV, which would be within reach
of the LHC. The scalar sector consists of the leptoquarkiplets Q(3,2,1/3) = (w?3, w1/3)
andx ~/3(3,1,—2/3). Assuming global baryon number conservation, the Lageamngglevant for
neutrino mass is

Ly = Yij(vidfw R — 6dfw??) + Riefusx Y3 — (w2 PHT + wPHY) x Y3+ he. (1)

The cubic scalar coupling will generate mixing betwaen!/® and x /3, we denote the mass
eigenstateX?, their masseM; », and the mixing anglé. Neutrino masses are induced via Fig. 2.
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Figure 2: Two-loop diagrams contributing to neutrino mass genenatia g.

Combining constraints from flavor changing processes, veetfia neutrino mass matrix to be

m,
My ~ mo| 30ixy  mxz  gZ+5mx |- 2)
3 3z+3mx 14w

Herex = F3/F33, Y = Y13/Ya3, Z=Y23/Ya3, W= (F35/F33) (Ya2/Y33) (Me/my ) (Ms/ M) (12 /1 jka) and
Mo = (692 sin 20F35Ya3 |jks) (Mmpmy;) /[(1672)2MZ]. |jks denotes the two loop integral function
shown in Fig. 3, with the internal up—type quark being the t8mce the (1,1) entry is zero, and
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Figure 3: The integral jxs versusMy (left); |x|, |y|, |z] versusd (middle); 4 — 3e branching ratio versus, s (right).

w is highly suppressed, the determinantf is nearly zero. This leads to the predictians~ 0,
and tar 63 ~ rr12/rr133in2 61, in the standard parametrization of neutrino mixing. Thedk to
sir? 813 = (0.044— 0.051), which is near the current limit. A consistent fit to globatitiation
parameters is obtained. The paramekess z for such a fit are plotted as functions of the unknown
CP violating phas® in Fig. 3 (middle panel). We see thaxt > 1 andly|, |z ~ 1. These values
fix the branching ratios of the leptoquarkstw?® — etb) : T'(w?® — utb): I'(w?? — 1tb) =

Y2 |z 1, andr (Xa Y3 — pt): T(%aY® — 17t) =[x : 1. Measuring these decays will
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thus probe CP violation in neutrino oscillations. From tkpeximental limit onp — 3eandu —e
conversion in nuclei, we derive the upper limit §¥j,Y23| as a function ofw?® mass. Since
neutrino oscillation data requirés to be of the same order for= 1 — 3, one can also determine
an upper limit onYsz. Combining these, we obtain an upper limit of 1.5 TeVMy as shown in
Fig. 3 as a function oft — 3e branching ratio (right panel).

Since the leptoquarks of the model are at the TeV scale, thrymediate lepton flavor vi-
olation through theYj; and Fj couplings. Experimental limits on these couplings havenbee
satisfied in our neutrino fit. The processes we consideruare— ey, 4~ — ete e, U —e
conversion in nucleit™ — e n, 1~ — U n, Bsg — Bsg mixing, K — K mixing, D — D mix-
ing, DZ — ¢*v decay, muorg— 2, m" — u*Vg decay, and neutrinoless double beta decay. In-
terestingly, we find thap — ey mediated by thew LQ is suppressed by a GIM-like mecha-
nism. For thex LQ mass of 1 TeV, we obtain fromx — ey, | F;iFi| < 6.7 x 10°3, but no
constraint for thew LQ. If all the LQ masses are 1 TeV, we abtain frgm— 3e the limits
IY13Ya3| < 7.6 x 1073, |FiaFos| < 1.8 x 1073, and fromu — e conversion in nuclei slightly bet-
ter limits |Y1aYa3| < 4.6 x 1073, |FiaFos| < 1.9 x 1074, The decays~ — e nandt~ — u™n
provide the limits|Y12Yzo| < 1.2 x 1072, |YaoYs2| < 1.0 x 102, now for thew LQ mass of 300
GeV. g— 2 of the muon receives new positive contributions from ¢heQ, which can be as large
aso(g—2) ~ 12x 10~ for x mass of 300 GeV. This will be nicely consistent with the iradiicn
thatd(g—2) = (24.6+£8.0) x 10719,

Recently the D@ Collaboration has reported a 3.2 sigma exndhe like-sign dimuon asym-
metry compared to theory. A likely explanation is that thexea new source of CP violation
in Bs — Bs mixing, which can arise from leptoquark box diagrams. If - Bs mass dif-
ference is written adMs = AMSM |1+ hee?%|, then a good fit to the data is obtained for [6]
{hs ~ 0.5, g5~ 120} or {hs ~ 1.8, g5 ~ 100°}. hs ~ 0.5 is realized in our model foliYsy| ~ 1
andmy, = 390 GeV or|Ys,| ~ 0.77 andm, = 300 GeV. The phases is unconstrained. This
scenario will predict the branching ratio fBg — 777~ at the 0.25% level, compared to the stan-
dard model value of 1f. Finally, neutrinoless double beta decay proportionaleotrino mass
is suppressed in this model. However, it can proceed via ¢letw-scalar exchange process [7].
The diagram involves exchange of one leptoquark andWingoson. We obtain the constraint
Y 1Fua] < 1.7 x 1078 ({4 )2 (0-5 TeV)) from this process, indicating that neutrinoless doubla bet

1 TeV u
decay may be observable, in spite of the mass hierarchy beimgal.
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