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1. Introduction

No fundamental symmetry explains the almost perfect conservation of charged Lepton Flavour,
Lepton Number and Baryon Number quantum numbers in the Standard Model (SM). Even in the
SM, Lepton Flavour Violation (LFV) and Lepton/Baryon Number Violation (LNV/BNV) are ex-
pected to occur at very high energies or densities [1]. The fact that neutrinos oscillate also enhances
the SM cross-section for charged LFV and LNV processes but they still remain substantially below
the experimental reach of detectors at any current or future collider.

Many New Physics (NP) models can enhance the lepton and baryon violating processes to
a level that they could be detected by eTe™ experiments such as BABAR or Belle. In Grand Uni-
fied Theories (GUTs), the quarks and leptons are no longer members of separate multiplets and
the distinction between baryon and lepton number disappears. GUT theories can conserve or vi-
olate the difference in baryon and lepton number (B — L) and this can alter the predictions for
matter/antimatter asymmetry created through baryo- and lepto-genesis at the beginning of the Uni-
verse. NP models can introduce new particles such as additional Higgs bosons, particles that carry
both lepton and baryon numbers, or models that simply introduce new couplings that break the
assumption of equal strength couplings for the leptons.

With so many different NP models and such a large parameter space, it is important to make
as many measurements as possible involving baryons, mesons, and leptons. BABAR and Belle
collected approximately 470 and 770 million B-meson pairs at the Y'(4S) resonance, respectively.
As the luminosity-weighted ete™ — 777~ cross-section is ~ 0.92nb, a similar number of 777~
pairs were recorded. BABAR (Belle) went on to collect 121 (11) and 99 (158) million events at
the 1'(35) and Y'(2S) resonances, while Belle collected 102 and 7 million events at the 1'(1S) and
Y (5S) resonances, respectively. In addition, both experiments collected a large number of hadrons
produced by the hadronization of the original quark pair produced by the e"e™ annihilation; this
dataset has not been exploited.

The analyses follow a similar pattern, with variations to take into account specific scenarios.
In general, the energy difference AE = Ej T \/5/2, where Ej, /t is the energy of the decaying
particle in the centre-of-mass frame (CM) and /s is the total energy of the eTe™ system in the CM
frame, and beam energy substituted mass mgs =  /5/4 — pgz/ -» Where Py /1 is the CM momentum of

the decaying particle!, are combined with a multivariate discriminator using event-shape variables
to separate the signal and background. The yields are then measured either by fitting the number
of events using signal and background distribution functions or using background events outside a
blinded signal region (SR) to estimate the expected yield in the SR and then counting events in the
SR. This latter technique can be combined with simulation predictions for processes that are well
understood.

For decays that involve neutrinos, the e™ e~ experiments can use the fact that the B-mesons
and 7-leptons are produced in pairs and decay back-to-back in the CM. One of the pair is fully
reconstructed using hadronic or semileptonic decays. Although semileptonic decays still lose en-
ergy through the neutrino, the reconstructed B-meson or T-lepton can be used to impose energy and
momentum constraints on the other member of the pair.

The BABAR mgg definition is slightly different.
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2. T'(nS), B-meson and 7-lepton results

CLEO placed 90% CL branching fraction upper limits B%(f% on Y'(nS) — ut of ~ 107> that
were already more stringent than theoretical predictions. BABAR looked at the £* (= u™,e™) mo-
mentum endpoint to produce By (Y'(2/3S) — £T17) < (3.1 —4.2) x 1075 [2]. Searches for rare
and FCNC in decays such as B — h¢* ¢~ and B® — ¢*¢~ are natural places to look for LFV as
new particles can appear in the penguin loops. Measurements with 2 = 7, K, K* and ¢/ = eyl have
produced By < (9.1 — 140) x 1078 [3]. If one of the leptons ¢ is allowed to be a T then limits
BY% < (3.0—-7.5)x 1075 and < (2.2 —2.8) x 1075 for B — h*1( and B® — t%(7, respec-
tively [4], are reached.
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Figure 1: Summary of 1 and A LNV/LFV B%(i% results reported here, together with other quarkonia results
from other experiments [7].

A possible mechanism for the LNV decay Bt — X £ /" is the exchange of a Majorana neu-
trino with a mass less than the B-meson mass but with an unknown coupling. Both Belle and BABAR
have searched for the decay with X~ =D~ , 7, K~ ,K*~,p~ and "/t =u*Tu*,etet, ute’. For
X~ =D, B)" < (11—26) x 10~ while for the other X, BY}* < (1.5—9.8) x 1077 [5]. The
search for LNV and BNV has been performed in six decays with B — A(C)EJF, which are expected
to be highly suppressed (<1072%). The decay B~ — A/~ also violates B — L conservation. For the
decays BY — AF¢~, BYY* < (180 — 520) x 1073, while for the four B~ — A~ decays B{}” is in
the range (3.2 —6.2) x 1078 [6]. Summaries of these results are shown in Figs. 1 and 2, together
with results from other experiments, and with a number of other quarkonia and charmonium decays
not discussed here [7].

Although usually interpreted in terms of the Type II Higgs Doublet models (2HDM), the dis-
crepancy in the ratios of B(B — D) tv;) to B(B — D*)¢v;) can be interpreted in terms of different
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Figure 2: Summary of B-meson LNV and LFV 390% results for BABAR and Belle, together with earlier
results from CLEO and B%SL% from LHCD [7].

couplings to the leptons and therefore a violation of Lepton Universality [8]. Measurements of the
ratio of the neutrino-less branching fraction decays B — Ku*u~ to B — Kete™ at BABAR, Belle,
and LHCDb have shown discrepancies from the theoretical estimate of 1.0+ ~ 0.01, with a combined
result in the range 1 < ¢> < 6 GeV?/c* that is 2.60 from the SM prediction [9].

As shown in Fig. 3, the branching fraction upper limits on T LFV and LNV are dominated by
Belle, where full advantage has been taken of the large dataset and clean environment [10]. The
measurements cover the range B9O% < (1—4) x 1073 for most of the decays. In the absence of
improved measurements of the lepton coupling constants g,, the main recent development has been
the reduction in uncertainty on the 7 lifetime such that 7, = (290.17 4+ 0.53 £0.33) x 10~ !%s. The
branching fraction and lifetime are connected to the coupling constants through B(t — ¢vV) /T, o<
g2gimf(m? /m2) 8y 8y, where f(m?/m?), 8y, and &, are correction factors. The current val-
ues of the coupling constant ratios from leptonic-processes only are (g;/g,) = 1.0010 £0.0015,
(81/8e) = 1.00294+0.0015, and (g4 /g.) = 1.0019£0.0014 [10].

In conclusion, apart from LHCb’s measurements with muons in the final state and some new
results from BES and CLAS in quarkonia decays (not covered here), the last two years have been
relatively quiet. This will change with new data from LHCb, upgraded experiments such as MEG,
and brand new experiments including Mu2e, Mu3e, and Belle 2. It is probable that the BgO%
reported here will improve by between one and two orders of magnitude over the next decade.
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Figure 3: Summary plot of BYJ* t-lepton decay LFV and LNV results [10].
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