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Rare loop-induced decays are sensitive to New Physics in many Stan-
dard Model extensions. In this paper we discuss the reconstruction of the
radiative penguin decays B} — K*Yy, B? — ¢v, B} — wy, A, — Ay, the
electroweak penguin decays B — K*%utu~, Bf — KtpTu~, the glu-
onic penguin decays Bg — qSKg, BY — ¢¢ and the decay BY — putpu~ at
LHCDb. The selection criteria, evaluated efliciencies, expected annual yields
and B/S estimates are presented.

PACS numbers: 14.40.Nd, 12.60.—

1. Introduction

Studies of the rare radiative penguin decays Bg — K*y, BY — ¢,
Bg — wvy, Ay — A7, the electroweak penguin decays Bg — Kt~
B — Ky ™, the gluonic penguin decays B — ¢K{, B — ¢¢ and the
decay BY — ptu~ allow to extract valuable information about penguin and
box loop-diagrams (see Fig. 1).

Such diagrams are suppressed in the Standard Model (SM) due to GIM
cancellation of different quark contributions. This cancellation is perfect in
the limit of equal quark masses due to unitarity of the CKM-matrix. New
particles arising in SM extensions in general do not preserve this cancellation
and manifest themselves in particular in enhancements of loop amplitudes.
For example the BY — pp~ rate, predicted to be 3.5 x 1072 in the SM [1],
is enhanced by a factor tan® 3 in SUSY models [2].

The complex couplings of new particles may result in the appearance of
non-trivial CP-violating phases, disturbing the CP-asymmetries predicted
by the SM. For example for the decay Bg — K*0v due to one-diagram dom-
inance (the strong phase appears only at order ag and 1/my) the direct
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Fig.1. Loop diagrams which make the major contributions to Bj — K*O,
BY — ¢y, BY — wy, A, — Ay (diagram (a) with a virtual photon),
BY — ¢KQ B? — ¢¢(diagram (a) with a virtual gluon), BY — K*Outpu~,
B} — KT ptp~(diagrams (b) and (c)), B? — p*p~(diagram (c)) decays.

CP-asymmetry is reliably predicted in the SM to be <1 % [3], but for some
SUSY scenarios it could be as large as 10-40 % [3,4].

Due to the V—-A structure of the weak current the photon polarization in
b — s(d)~ transitions is almost 100%. However, QCD corrections increase
the fraction of wrongly polarized photons up to O(10%) [5]. The smallness
of this quantity in the SM causes the mixing-induced CP-asymmetries to
vanish [6], while in extensions of the SM these asymmetries could be as
large as 50 % [7]. This effect can be used as a probe for the spin structure
of new particles.

Radiative decays of polarized beauty baryons like A, — A~ can be used
to probe the chirality of the effective Hamiltonian by measuring the photon
polarization [8]. The angular asymmetry between the A, spin and the pho-
ton momentum combined with the A° — pr decay polarization probes the
predicted V—-A structure of this decay.

The forward—backward asymmetry App (qz) for the decay Bg —
K*Outpu=, is defined through the angle #pp between the p+ and K*° mo-
menta in the dimuon rest frame!. The shape of the asymmetry App (qz)
and especially the position of the zero crossing in the SM are almost unaf-
fected by hadronic form factor uncertainties, thus providing a good basis for
searching for deviations [9].

The ratio of b — su™p~ and b — sete™ decays in any exclusive mode,
e.g. Bf — K*{T(~ is also a clean probe of the SM. Lepton-universality
predicts this ratio to be 1 with theoretical errors below 1% [10].

! 4% is the dimuon invariant mass squared.
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The tiny hint for possible discrepancy between the measured mixing-
induced CP asymmetries in gluonic b — s transitions and the world average
for the parameter sin 23 measured in charmonium modes [11] points to the
necessity and importance for careful and intensive studies of gluonic penguin
dominated decays.

The test of QCD models in radiative penguin decays still plays an impor-
tant role [12]. The ratio |Via| /|Vis| could be extracted from I' (BY — wy)/
r (Bg — K *O’y) with moderate theoretical uncertainty.

2. Reconstruction of B-decays at LHCb

LHCD is a forward spectrometer at LHC. The detector is described else-
where [13-15]. The reconstruction of rare B-decays at LHCb is a challenge
due to the small rates and large backgrounds from various sources. The most
critical background is combinatorial background from pp — bbX events, con-
taining primary and secondary vertices and characterized by high charged
and neutral multiplicities. We studied the forward pp — bbX production as
the dominating background, where at least one b-hadron is emitted forward
within 400 mrad of the beam axis.

The studies have been performed using fully simulated events [15]. The
detailed description of the charged particle identification in LHCb, based
on a combined analysis of information from Cerenkov Detectors, Muon and
Calorimeter Systems can be found elsewhere [15-19]. Photon candidates
have been defined as clusters in the electromagnetic calorimeter not associ-
ated with any charged track [15,18-20]. The reconstruction of 7% and Kg is
described in [15,20,21].

The background suppression exploits the generic properties of beauty
production at pp-collisions. The large mass of beauty hadrons results in hard
transverse momentum spectra of secondary particles. The large lifetime,
(Byer) ~ 5mm, results in a good isolation of the B decay vertex and the
inconsistency of B-decay products with the reconstructed pp-collision vertex.

For events with several reconstructed primary vertices the primary vertex
with the minimum B-candidate impact parameter has been chosen as the
B production vertex [15].

The background from minimum bias events can be significant, but it has
been assumed that this contribution is drastically suppressed at the trig-
ger level, which exploits the hard transverse momentum spectra of b-decay
products and large impact parameters of tracks from b-decays with respect
to primary vertices [22].

To cope with the limited available Monte Carlo statistics, the B mass
cut has been relaxed when analyzing these events. The background under
the B mass peak has been estimated in the enlarged mass interval assuming
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a linear dependence on the reconstructed BY (Bg) mass (after removal of
events with a true signal decay or similar decays which necessarily lead to
a reconstructed mass outside the tight mass window). In addition, in order
to further increase the effective pp — bbX statistics, all B/S ratios have
been estimated without applying the trigger criteria.

In the evaluation of trigger efficiencies, a 100 % efficiency for the High
Level Triggers has been assumed. Other assumptions, parameters and
branching ratios used for the evaluation of signal yields can be found else-
where [15,23-34].

2.1. Radiative penguin decays

For the reconstruction of BY — K*0y and BY — ¢y decays [15,23-27]
K*0 and ¢ candidates have been reconstructed in the K*7n~ and KTK~
modes, respectively?.

Identified charged tracks have to be inconsistent with any reconstructed
primary vertex. This requirement is especially effective to suppress combi-
natoric background for events with multiple pp-interactions [23]. A vertex fit
has been applied to two tracks forming K*0 (¢) candidates. The mass win-
dow of K*7~(K+K~) combinations has been chosen to be 60 (10) MeV /c?
around the nominal K*° (¢) mass3.

Selected K* (¢) candidates have been combined with photon candidates.
The requirement on the transverse energy of the photon candidate to be
greater than 2.8 GeV efficiently removes low energy v and 7¥. The transverse
energy of the photon candidate with respect to the Bg (Bg) candidate flight
direction has to be within the interval 2.2 (2.0)-2.7 GeV.

The K*0(¢) decay vertex has been considered as the BY (BY)-decay
vertex. The angle 0p between the momentum vector of the reconstructed
B) (Bg) candidate and the flight path vector from the B (Bg) production
to the BY (BY) decay vertex is required to be smaller than 6(15) mrad. This
requirement is one of the most powerful cuts against combinatorial back-
ground as demonstrated in Fig. 2. The smaller opening angle between the
two kaons results in a larger uncertainty in the position of the secondary
vertex and, therefore, degraded resolution in 6p.

Background from the decays Bg — K*97% and B? — ¢ with an en-
ergetic ¥ reconstructed as a single photon has been suppressed by requir-
ing that |cos@| < 0.7, where 6 is the helicity angle between the B and
the K+ in the K*0(¢) rest frame. The invariant mass distributions of the
selected and triggered Bg — K*9%y and BY — ¢v candidates are shown in
Figs. 3(a) and 3(b). In both cases the mass resolution has been found to be
~ 65 MeV /c?.

2 The charge conjugate mode is always implied unless explicitely stated otherwise.
3 The cut values given in parentheses have been applied to the BY — ¢~y selection.
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Fig. 2. Distributions of the angle fp for signal events (points with error bars) and
forward pp — bbX events (filled histogram): (a) B} — K*%v, (b) BY — ¢v.

The selection of the decay Bg — w followed by w — 7t~ 70 follows
a similar approach, but it is complicated by the 7° reconstruction [20]. The
invariant mass distribution for the selected and triggered Bd0 — w7y candi-
dates is shown in Fig. 3(c).

The same selection ideas have been applied to the reconstruction of ra-
diative decays of A; baryon to Ay. While the reconstruction of the final
states with the heavy A resonances decaying strongly to pK is very similar
to reconstruction of final states with K*0 and ¢, the reconstruction of A%y
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Fig.3. Invariant mass distributions for signal events after trigger and selection
cuts: (a) BY — K*0v, (b) B? — ¢, (¢) B} — wy. The absolute normalization
is arbitrary. The specific background from By — K*97% and B? — ¢n¥ decays is
shown in on (a) and (b) with proper normalization.
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is a bit more delicate since at the LHC A" may traverse a large fraction of
the tracking system before decaying [28,35].

Due to the dedicated trigger for energetic photons, the high trigger effi-
ciency for selected events of 35 % [15,22] is achieved for all radiative channels.

2.2. FElectroweak penguin decays Bg — K®utu™ and Bf — Ktputu~

Dimuon candidates have been selected [29,30] from muons with a trans-
verse momentum in excess of 900 MeV /¢, originating from a common vertex.
Dimuon candidates with an invariant mass in the mass intervals populated
by J/v — ptu~ and 9 (2S) — ptpu~ decays* have been excluded from the
analysis.

K7~ combinations with an invariant mass in the interval of +0.1 GeV /c?
around the nominal K*° mass and originating from common vertex have
been considered as K*° candidates. The transverse momentum of pions
from K*° candidates has been required to be larger than 200 MeV /c2.

A vertex fit has been applied for pairs of selected dimuon and K*0 can-
didates. The significance of the Bg impact parameter with respect to its
production vertex has been required to be small, while a lower cut has been
applied on the significance of the distance between the production vertex
and the Bg—decay vertex. Kaons and pions from the K*° are required to
be inconsistent with the Bg—production vertex. In addition a cut has been
applied on the maximum multiplicity of tracks consistent with the Bg—decay
vertex. This requirement improves the isolation of the Bg decay vertex.
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Fig.4. (a) The K*°u* = invariant mass distribution for Bf — K+ puTu~ events.
The distributions of y* ™ invariant mass (b) and angle fgp (c) for Bjf — KT putu~
events (points with error bars), superimposed with the scaled distributions at gen-
erator level (solid histogram).

* The excluded intervals have been defined as 2.9-3.2 and 3.65-3.75 GeV /c?.
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The invariant mass distribution for signal events after selection cuts is
shown in Fig. 4(a). The BY mass resolution has been found to be 15 MeV /c?.
The distributions for the dimuon invariant mass and the angle frg are not
distorted by acceptance or selection cuts, as illustrated in Figs. 4(b) and 4(c).
The resolution on these observables has been estimated to be 9.7 MeV /c?
and 4 mrad, respectively.

For the measurement of the ratio of partial width I (B} — Kete™) and
I' (B} — Kp'p™) the dilepton mass range has been chosen to be 1 < m?e <
6 GeV2/c* in order to avoid cé resonances (especially in ete™ mode) and
threshold effects due to higher muon mass. The decays B — Kete™ and
B — Ke'e™ has been reconstructed using the similar criteria. A proper
bremsstrahlung correction [15,19] is essential for channel with electrons. The
expected mass distributions are shown in Fig. 5.

It is worth to mention that the final state with a dimuon candidate has
a trigger efficiency of 74 % for selected events [29].
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Fig.5. The K+¢T¢~ invariant mass distributions: (a) K+*ete™ and (b) K*putu~.

2.8. Gluonic penguin decays B — ¢¢ and Bg — qng

Kaons inconsistent with any reconstructed primary vertex in the event
have been used for the reconstruction of ¢ candidates [31-33]. A vertex fit
has been applied to K+ K~ pairs and a mass window of £12(17) MeV /c?
around the nominal ¢ mass has been chosen®.

Ké) candidates have been reconstructed as a 77~ pair originating from
a common secondary vertex. Three different categories of charged tracks
have been used for the K{ reconstruction: it long (tracks with hits both

in the vertex detector before the magnet and the main tracker system after

+

5 The cut values given in parentheses has been applied to the B — ¢ K2 selection.
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the magnet), downstream (tracks with no hits in the vertex detector) and
upstream (tracks with no hits in the main tracker system) [15,21]. The mass
window has been defined to be +25 MeV /c? for pairs of two downstream
tracks and £15 MeV /c? for all other combinations [21,32,33]. The trans-
verse momentum of Kg candidates has been required to be greater than
1.1 GeV/c for Kg candidates from pairs of downstream tracks and greater
then 500 MeV /¢ for all other combinations.

Pairs of selected ¢ from a common vertex have been considered as B?
candidates if the decay angle 8 between the ¢ momentum in the rest frame
of the ¢¢ system and the direction of the Lorentz boost from the laboratory
frame to the ¢¢ rest frame satisfies |cos | < 0.75. Pairs of selected ¢ and
Kg have been considered as Bg candidates if they originate from a common
vertex and the transverse momentum of the ¢ exceeds 1.35GeV/c?. A cut
on the minimal impact parameter of the qng pair with respect to all pri-
mary vertices has been used to suppress further the background. The value
of this cut has been chosen to be 250 pm, 200 gm and 100 pm for Ké) candi-
dates reconstructed from downstream—downstream, long—long pairs and other
combinations correspondingly. The opening angle between the momentum
of the BY (Bg) candidate and the flight path vector has been required to be
smaller than 10(15) mrad. The cut can be tighter in the case of BY — ¢¢
decay since the 4-prong ¢¢ vertex gives a better vertex resolution.

The invariant mass distributions of the selected and triggered BY — ¢¢
and BY — ¢K§ candidates are shown in Figs. 6(a) and 6(b). The mass
resolutions for B? and BY decays have been found to be 12MeV/c? and
16 MeV /c?, respectively.
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Fig.6. The invariant mass of BY (Bg) candidates after selection and trigger cuts:
(a) B] — ¢¢. (b) B} — oK.
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2.4. Decay BY — putp~

Since two-body B%-decays are characterized by high transverse momenta
of the decay products, only muons with a transverse momentum in excess
of 1.5GeV/c have been selected for the BY — utpu~ reconstruction [34].
A vertex fit has been applied for dimuon combinations. The transverse
momentum of muon pairs has been required to exceed 3.5 GeV /c?. Dimuons
with a small impact parameter with respect to the chosen primary vertex
have been considered as B candidates.

For selected BY candidates the separation between the reconstructed
dimuon vertex and the primary vertex has been required to be large.

The dimuon invariant mass resolution has been found to be 18 MeV /c?.

The trigger efficiency for events that passed the selection criteria has been
found to be 79 %.

2.5. Signal yields and background-to-signal ratios

The expected signal event yields for 2fb™! accumulated luminosity to-
gether with estimates for background-to-signal ratios (B/S) are presented
in Table I.

TABLE I

The expected event yields for 2fb~! accumulated luminosity for rare B-decays and
the estimates for background-to-signal ratios (B/S). The cited upper limits are at
90% CL.

Channel Yield/2 fb~! B/S
B) — K*0y 3.5 x 10* <0.7
BY — ¢y 9.3 x 103 <24
BY — wy 40 <3.5
Ay — A% 750 < 42
Ap — A(1520) 4.2 x 103 <10
Ay — A(1670) 2.5 x 103 <18
Ay — A(1520) 2.5 x 103 <18
BY — K*Outy~ 4.4 % 103 <20
B} — Kete~ 350 ~5
BY — Kptu~ 1.6 x 10? ~3
BY — ¢KQ 800 <11
B — ¢¢ 1.2 x 103 <02
BY — utu~ 17 < 440
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As mentioned in Sec. 2, the forward pp — bbX production is considered
as the dominant background.

The relative contribution of the correlated background from Bg — K070
and B? — ¢n¥ decays to the radiative penguin decays Bg — K*9y and
BY — ¢ has been estimated to be small (Bg+o0/S < 2.2 % for B} — K*0y
and Byr0/S < 4.0 % for BY — ¢v) [23,25].

The relative background contribution from inclusive ¢ production in
b-decays to selected Bg — oK, g events has been estimated to be B, — ¢/S <
0.28. A sample of 10% fully simulated pp — (b — ¢X) X events has been
analyzed [32,33].

For the B — KT pu*pu~ analysis, events with dimuons have been stud-
ied as potential background. Samples of 107 fully simulated pp — (b — pX)
(b— pX) X and 2 x 10° pp — (b — p~ (¢ — p7X) X) X events have been
used. The contribution of the background with two muons from semilep-
tonic b — pv,X-decays has been evaluated to be B,,,/S = 0.5+ 0.2. The
contribution of the background with one primary and one cascade muon
has been evaluated to be B,,,/S < 1.1. Contributions from the exclusive
decays BY — J/¢YK*°, BY — J/$K§ and B? — J/1¢ have been found to
be smaller than 5 % each [29,30].

The feed-down to selected BY — u*pu~ events from exclusive two-prong
decays of b-hadrons with misidentified muons has been evaluated to be
an order of magnitude smaller than the signal yield in a £25 MeV/c?
window around the nominal B? mass [36,37]. The background contribu-
tion from pp — (b — pX) (b — pX) X events has been evaluated to be
By /S< 5.7 34].

3. Conclusion

The LHCb experiment has promising physics potential for the study of
numerous loop-induced rare decays such as the radiative penguin decays
Bg — K*y, BY — ¢, Bg — w7y, Ay — Ay the electroweak penguin de-
cays BY — K*utu~, Bf — KeTe™, and Bf — Ku'u~, the gluonic pen-
guin decays BY — ¢¢ and Bg — (;SKg and the rare box decay BY — utu~.
The expected signal event yields for 2fb™1 and preliminary estimates on
background-to-signal ratios have been presented.

These yields (2 fb~!) will allow to measure the direct CP-asymmetry
for Bg — K*9 decays with statistical uncertainty well below 1%. The ex-
pected statistical error on the ratio |Vi4| /|Vis| extracted from I'(B — wv)/
I'(BY — K*%9) is O(10%+/1 + B/S).

For five years of data taking (10fb~!) the expected precision of the frac-
tion of right-handed photons from decays A, — Ay is 5% and the precision
on the position of zero crossing for App(q?) is 0.5GeV2/c*. The error on
the ratio of integrated partial width B — Kete™ and B — KuTp~ is
expected to be 4%.
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The precision and reliability of background-to-signal estimations are ex-
pected to improve with a significant increase of Monte Carlo samples. Stud-
ies of high level trigger efficiencies, systematic uncertainties, and the sensi-
tivity to new physics, as well as studies of other interesting rare decays, e.g.
Bg — pofy, Bg — @0~ etc., are in progress.
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