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1. Introduction

High statistics data samples obtained from the SLAC and KERactories can be used to
provide indirect constraints on a variety of new physics \N&enarios by looking for deviations
from Standard Model (SM) predictions of various observabl8uch deviations could arise from
additional non-SM tree or loop-level processes contaimmagsive virtual particles at scales well
beyond the centre-of-mass energy of Bi&actory colliders. For a process to be sensitive to NP
generally requires that the NP is comparable in size to the@Mtibution, thus sensitive processes
are usually “rare” decays which are suppressed in the SMerellecause there exists no tree-
level SM process, or because the tree-level process isesggat by a symmetry or conservation
principle. In the present work, | will focus on recent expegntal determinations of the inclusive
B — Xsy branching fraction and searches for the leptonic deBdys- /v, and the charged Higgs
constraints that can be derived from them.

2. The B Factories and Experimental Methodology

The two asymmetri8-Factory experimentABArR at PEP-II and Belle at KEK have collected
data at and around th&4S) resonance since 1998ABAR completed its data taking phase in 2008
with a total data sample corresponding to an integratedriasity of 433 fo! at the Y(4S), or
roughly 500 millionY(4S) — BB events. Belle continues to record data, but has recentyrtexgb
analysis results based on samples containing approxiyn@®€l million BB_pairs. In both cases,
the potential to constrain possible NP contributions i By decay modes results from the avail-
ability of high statistics data samples combined with theeswrely clean experimental environment
provided bye"e~ operations.

The B — ¢*v, and inclusiveB — Xsy (where X5 represents any hadronic system contain-
ing a strange quark) analyses are conceptually quite diffebut they share the common feature
that they lack kinematic constraints which can be used tprags backgrounds. In the case of
B* — ¢, (particularly forttv;), the presence of missing energy due to neutrinos in the final
state make this search very challenging. Bor Xgy, any selection cuts applied to th& sys-
tem potentially introduces systematic uncertainties duthe modeling of theXs system. Several
recentBABAR and Belle analyses have utilized a combination of “tag B”hods, which rely on
the exclusive reconstruction of one of the tBg mesons produced W(4S) events, followed by
a search for the signal decaB( — ¢ v, or B— Xsy) from among the remaining particles which
are identified in these events. The advantages of this mettethat non¥(4S) (“continuum”)
backgrounds are strongly suppressed, the resolution adugakinematic variables (e.g. missing
energy) is improved, and that the signal decay should a¢dourall remaining particles in the
event. The disadvantage of this method is the low efficiencyttfe tagB reconstruction, which
is at the level of a few parts per mille. Two techniques havenbesed byBABAR, and more re-
cently by Belle, based on fully hadronic and semileptdBidecays. In theBABAR analyses, the
reconstruction procedure begins with the identificatioa tdeed”D or D* candidate which is ob-
tained by combining charged and neutral pions and kaonswiedtd invariant mass combinations
consistent with @) in a limited set of clean decay modes. Gddd) candidates are then com-
bined with either a high momentum lepton (yielding a set ofitgptonic tags), or with additional
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charged and neutral pions and kaons (yielding a purely Inéxltag sample) until the 4-vector of
the resulting candidate is within a few hundred MeV of theestpd energy of 8 produced from
aY(4s — BB decay. For the hadronic tags, the 4-vector of Bheandidate is fully determined,
thus the invariant mass distribution can be used both tomé&te the tag yield and to estimate the
combinatorial background. In practice, the mass resalut@n be improved by constraining the
energy component of the (CM frame) 4-vectgr,to the nominaB energy,Ecv /2, thus we define
the two variablef\E = Ecy/2 — E and the “energy-substituted massgs = 1/ (Ecm/2)2 — p3,
where pg is the magnitude of the reconstructBdcandidate momentum in the CM frame. The
semileptonic tag reconstruction lacks this constraint,jimstead exploits the fact that

2EgEpo, — Mg — M2, 2.1)
2pBPpos '

C0SBg_poy =

(where the subscript®® andB represent the reconstruct@iplus lepton combination, and the
expected B meson) is the cosine of the angle betweerBtard D% 4-vectors for a correctly
reconstructed candidate. If ti¥¢ candidate is actually a combinatorial background, theraEqu
tion 2.1 is violated and cd_po, can take values outside of the rarjge., 1].

The hadronic tag reconstruction method has now been usBdB»r in searches foB+ — 1 v [1],
B* — utvandB" — etv [2], and for the measurementBf— Xsy [3] and by Belle foB* — 1 v [4].
The semileptonic tag method has been used by BaBw [5] and Belle [6] forB™ — 17v. Be-
cause the8™ — u*v andB" — e"v modes are two-body decays with only a single unobserved
neutrino, the most stringent bounds on these modes cwyramtlobtained from searches which do
not use tag reconstruction. Similarly, “semi-inclusi&™ Xsy analyses currently yield the most
precise branching fraction [7] measurements. This sitbatiay change in the relatively near future
though as untagged analyses become limited by systenbatiégrounds and statistically-limited
tagged analyses benefit from increasing data samples.

3. Leptonic B decays

Leptonic and semileptonic decays Bf mesons occur in the SM vi/-mediated tree level
processes. In the case of semileptonic decays, the NP igigysg generally limited by high
SM branching fractions and significant form factor uncettias which tend to mask possible NP
contributions. The exception B— D*)t+v;, which shows promise both from both the theoretical
and experimental sides [8], but which is beyond the scopé&etfhis work. The most stringent
bounds currently arise from purely leptonic decags,— ¢*v,. These are cleanly calculable in
the SM as the hadronic matrix element is jfigtthe By meson decay constant. The SM branching
fraction is given by

Gy m2\ 2

22
BB — L7V = o= M| fEmemy s (1— Wé) (3.1)
whereG; is the Fermi constanY), is the CKM matrix element ants andmg are theBy lifetime
and mass respectively. The last term represents a phasefgpsar, which is close to unity for all
three lepton specigs= e, u, T, hence the three leptonic branching fractions differ primaue to
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the helicity suppression facttnn%, resulting in a suppression of they (ev) final state by a factor
of 200 (1x 10”) compared with thev mode.

In the generic Two Higgs Doublet Model (2HDM), sensitivity¢harged Higgs bosons arises
through a tree-level process in which tHe replaces th&/+ in the SM diagram [9]. Adding the
charged Higgs contribution modifies Equation 3.1 by a miidtiive factorr+ given by

2
s = (1_ m”z‘% tanZB> (3.2)

I+

where tar is the ratio of the vacuum expectation values of the two Higmsblets, anany is the
charged Higgs boson mass. It is notable that this expressies not contain a dependencemn
as one might naively expect from Higgs couplings. This canrmerstood from the helicity sup-
pression of Equation 3.1: the"v mode has a larger absolute" contribution than the:™v mode,
but both yield the same relative modification of the SM rathisThas two consequences. Firstly,
the ratio of measured branching fractions for thev and u*v modes does not yield information
regarding the charged Highgshence bounds based on Equations 3.1 and 3.2 need to relgen in
pendent determinations @f,| and fg. Perhaps surprisingly, this turns out to be a significantgss
for the extraction of charged Higgs bounds. Secondly, detetion of the branching fraction for
any of the three leptonic modes with a given relative preaigiields an equivalent charged Higgs
constraint. This is important to point out since much of theent focus has been on Bé — 7+v
mode, in spite of the fact that recelBt — u™v experimental bounds have been within about a
factor of two of the SM value.

31 B — [,1+V

BABAR has previously published the results of searchesfor— u*v both using a method
based on exclusive hadronic tag reconstruction [2] as veellsing an un-tagged “inclusive” ap-
proach [11]. RecentlyBABAR released a preliminary result based on the full data stsissing the
un-tagged method [12]. Sin&" — u™v is a two-body decay, the daughfer is mono-energetic
in theB™ rest frame, which differs by only a few hundred MeV from the @&ime. TheB* frame
can be inferred by requiring that the sigrialdirection is opposite that of a 4-vector sum of all
particles in the event excluding the signatandidate. Substantial background suppression is also
obtained by requiring that the 4-vector sum is consistetth wiat of aB meson, i.e. that it has
AE andmgs compatible with 0 and 5.27 GeV respectively. Due to detemtor-hermiticity and the
presence of spurious detector signals from beam backgsoettd, theAE and mgs resolution is
quite poor using this method and so, consequently, iBthame u momentum resolution. With
the currentB factory data samples these analyses predict a handful mdlségents, assuming the
SM rate forB™ — ptv, above backgrounds of typically tens of events. Hence theitbéty of
these searches is limited essentially by the fit of a peakgrpsdistribution above a non-peaking
background and thus just scales with the squareroot of thiegbaund statistics.BABAR reports
a preliminary limit of B(B* — u*v) < 1.3 x 10°° at 90% confidence and Belle has published a
comparable limit [13] oB(B* — u*v) < 1.7 x 107°.

1The ratio of leptonic branching fractions, however, hasnbsieown to be sensitive to lepton flavour violating
couplings [10]
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32 Bt =1ty

BT — v is experimentally much more difficult thad* — pu*v due to the existence of
multiple T decay final states, the presence of multiple neutrinos amdaitt that the kinematics
of the observable final state particles do not provide paetity powerful background suppres-
sion. BABAR and Belle have now both reported results from searcheBfor> T v utilizing both
the hadronic and semileptonic tag methods. Event selegtiooeeds by first reconstructing a
B tag, and then requiring that there is only exactly one oreta@ditional charged tracks in the
event. Events with three tracks are interpreted as possible: aj v; candidates, while events
with exactly one charged track are considered tabe- e vevy, T+ — utvyvr, T8 — mhv; or
T+ — pTv; depending on the particle identification status of the trackandidates are obtained
by combiningt tracks with goodr® — yy candidates formed from calorimeter clusters. If the
combination falls within a window around the nominainvariant mass, the event is considered
to bet™ — pTv;. If no such combination exists, then the event is classifsed a— " v;. Once
the event has been classified, all particles in the event bstensibly been accounted for. Back-
grounds can therefore be substantially suppressed byraomisy the multiplicity and energy of
any additional neutral calorimeter clusters in the evemweler, in practice, evelR™ — 17V sig-
nal events frequently possess one or more additional lewggrclusters originating from hadronic
split-offs, beam related backgrounds etc., hence the peesef additional clusters is characterized
by the total amount of calorimeter ener@a¢ra, Which is not directly attributable to either the tag
B or theB* — 17V signal candidate daughters. For signal evelitg;a peaks below a few hun-
dred MeV. The most challenging experimental task is to wstded this distribution, since many
contributions to this quantity origniate from sources whéce typically poorly modeled in Monte
Carlo simulations. Mis-modeling can easily change thealigifficiency by tens of percent and,
more importantly, potentially create signal-like peakstgictures in the background distribution.

TheB™ — 17V branching fraction is obtained from the combination of salveifferentt de-
cay modes - different analyses have chosen to include ou@xgarticular hadronic decay modes,
but in practice the lowest backgrounds and hence strongestilwutions to theBt — 1v result
are obtained from the leptonic decay modes. It is notableshienthat polarization of thefavours
the production of low momentum leptons in theé — ¢"v,v; channels, hence particle identifica-
tion performance can be an issue for these channels.

BABAR has published statistically independent results usinghimdronic [1] and semilep-
tonic [5] tag reconstruction methods based on 388° BB events and yielding branching fractions
of B(B* — t*v) = (1833 +0.4+0.2) x 10 * andB(B* — 1*v) = (0.94+0.6+0.1) x 10
respectively. The combination of these two results yidddB™ — 17v) = (1.2 + 0.4(stah +
0.4(sysb) x 1074, with a signal significance of.@c from zero. Belle has recently reported a
preliminary result [6] ofB(B* — 1+v) = (1.6579-353%) x 104 using the semileptonic tag ap-
proach and had previously published a result [4BoB* — 17v) = (1.7973382%) x 104, A
naive combination of th&ABAR and Belle results yield8(B* — 17v) = (1.514+0.33) x 1074,
with a significance which is very close t@5

Determination of 4+ relies not only on the measured branching fraction, butatstihe value
of [Vup| and fg. The fact thatVy,| determinations fronB semileptonic decays differ by aboubir
from the value predicted by overall fits to tBg unitarity triangle [15], combined with the existence
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of discrepancies in leptonic decays of charmed pseudasoaisons [16], make is unclear as to the
best choice fofV,p| and fg. In any case, it is clear that the uncertainties @n resulting from the
SM prediction forB(B™ — 17v) is comparable in size to the current experimental unceytan
the branching fraction.

Since theH* interferes destructively with the SM/*, the H' contribution suppresses the
Bt — ¢Tv, branching fractions compared with the SM expectation snteeH " contribution is
very large. The large 2HDM charged Higgs exclusion regiaaioled fromB*™ — 17+v and in par-
ticular the high-mass region, is therefore largely attable to the fact that the curreBt — 1v
branching fraction central value is somewhat high comparitd the SM expectation. Taken at
face value this would imply the existence of a charged Higils tanf3 /my+ ~ 0.28, however this
value is disfavoured based on other indirect (and direcipie tan(3) measurements [14].

It is sometimes commented that the indirect flavour boundshamged Higgs can be disre-
garded because they are model dependent, however, in theotéptonic pseudoscalar meson
decays, this is not really a problem. For example, in [17@, dlathors consider the MSSM with
minimal flavour violation and conclude that equation 3.2 wdified to

_ mg tar 2

wheregy arises from non-holomorphic corrections to down-type Yukaouplings. ggtan can
be of order unity for very large tgh This obviously modifies theny+ — tanf3 exclusion region
somewhat compared with the generic 2HDM, but much less sottieeffect due to the choice of
[Vub| - fg as discussed above.

4. B — Xsy

b — sy transitions are radiative flavour changing neutral cur(EQINC) processes and hence
are forbidden at tree level in the SM. They do however occarovie-loop diagrams containing a
virtual top quark andV*. NP can also enter at one-loop level and in particular, agelthHiggs
boson can be substituted for té" in the SM diagram, resulting in a predicted enhancement in
the branching fraction which depends -, but is relative independent of tfn In the generic
2HDM, this yields the potential for a stringent constraidbwever, in the context of SUSY models
additional NP contributions, such as squark-charginod$pcpn potentially either further enhance
or suppress the observbd- sy rate thus clouding the interpretation of any experimentahsure-
ment. In the worst case, these contributions could exaathgel theH* enhancement, resulting in
an experimental determination which is indistinguishdbden the SM, but in general any bounds
in the my+ — tanf plane fromB — Xsy are very model-dependent. The interpretation of current
experimental bounds within the context of specific NP modetiscussed in detail in [18].

The potential NP sensitivity is also limited by hadronic erainties the the SM prediction.
In general, the inclusive — sy (i.e. B — Xsy) branching fraction can be computed more reliably
than specific exclusiv® — sy modes (assuming quark-hadron duality holds). The oppisite
true experimentally: the fully inclusive measurement isexely difficult. Recent calculations of
NNLO QCD corrections [19] have substantially reduced tlethtical uncertainty on the inclusive
branching fraction prediction while also shifting the gahtalue downward by approximatelyl
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The inclusive branching fraction is predicted to be in thegex(3.0 — 3.5) x 10~* for E, > 1.6
GeV, with uncertainties that vary from 7% to 14%.

On the experimental side, the inclusive branching frachas been determined in a variety
of measurements with an overall precision of approximatétyyielding a world average [20] (as
of April 2008) of B(B — Xsy) = (3.52+0.2340.09) x 10*. Both BABAR and Belle have recently
reported results of new inclusive measurements [3][21{h@gh theory and experiment are con-
sistent, the fact that the experimental average is on the gl of the theoretical range tends to
favours the existence of a heavy charged Higgs with mas$dréb0 GeV, but this also results in
somewhat weaker NP limits than had been quoted previousigems unlikely that the experimen-
tal world average will be substantially improved by new axpental measurements any time in
the immediate future, and in any case the experimentalgoecalready exceeds that of the NNLO
SM theory prediction.

5. Conclusion

The asymmetridB-factories currently have extremely large, well underdtalata samples
available for high-statistics studies of flavour physicsexwables. The presence of a charged Higgs
boson potentially modifies rates and other observablesrindecay modes such 8s— Xgy and
Bt — ¢Tv,. B— Xsy is experimentally robust and imposes a stringentBtamdependent con-
straint, however this bound is very model dependent. InrashtB™ — 17v andB™ — u*v
searches have only relatively recently been approachingjtadty to the SM rate. Charged Higgs
bounds from leptonic decays constrain quite heavy masdasgattar3. These bounds are rela-
tively model-independent, but suffer from large uncettagin the SM branching fraction predic-
tion.
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