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1 Introduction
Radiative penguin $ decays provide a sensitive test of the Standard Model (SM).
These transitions are induced by flavour changing neutral currents and are sensi-
tive to new couplings from beyond the SM physics.

One way of searching for new phenomena is a systematic study of CP violation
in radiative $ decays. This may occur via one of two mechanisms. Direct CP vi-
olation (CPV) results in a difference of the decay rates $&%('*) and +$,% +'-) . In
the SM due to the very small . -quark contribution to a penguin loop, the direct CP
asymmetry is reliably predicted to be /1032 for 45% � ) and 67098:2 for 45% ;<)
transitions [1]. In some SM extensions, the contribution from new particles in the
loop may result in up to 0 � 2>=@? � 2 direct CP asymmetry [2]. The theoretical
prediction for the inclusive decays is rather clean. However the experimentally
accessible exclusive cases are theoretically much more difficult to calculate. An-
other test of the SM can be made by measuring the mixing induced CP violation
which occurs when both $ � A !CB and +$ � A !DB have transitions to the same final state ' � )
( ' � is undistinguishable from +' � ) and interference takes place between mixing
and decay amplitudes [3]. A recent review on the status of these CPV measure-
ments can be found in [4]. At present, mixing induced CP violation has been
searched in $ � % E ��� ) followed by F ��� % F � GIHJ� in K -factories [5, 6]. No sig-
nificant CP violation is seen. This is consistent with the SM expectations quoted
above. With the LHCb detector, mixing induced CP violation can be searched for
in $ � % L � ) (or through the equivalent non-resonant mode [7]) and $ �! % MN) .

Radiative $ decays give information on the ratio of CKM matrix elementsO P-QSRUTUP�Q ! O with reduced hadronic uncertainties [8]. This ratio can be extracted
from the ratio of branching fractions of $ � % L � ) to $ � % F ��� ) decays. Presently
the most precise measurements are made by Belle [9] and BaBar [10] collabora-
tions.

The decay $ � % F ��� ) has been measured by Belle [11], BaBar [12] and
CLEO [13] collaborations. The results are in good agreement with theoretical
predictions [14].

The LHCb experiment can complement the existing observations by studying
radiative $ �! decays while substantially improving the present results by measuring
CP violation in decays involving 4V% ;W) transitions. The results presented in this
paper are the continuation of the previous study [15] with improved Monte Carlo
simulation.
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2 Reconstruction and selection
The present study uses samples of generated $ � % F ��� ) and $ �! % MN) events,
followed by F ��� % FYX H[Z and M\% FYX]F Z , where the $ R � ! -mesons are produced
within the 400 mrad cone of the LHCb acceptance1 [16]. The selection proce-
dure is mainly based on using the two-body kinematics of the relevant decays and
various geometrical cuts on the primary vertices of the pp-interaction (PV) and$ -decay secondary vertices (SV). The main source of background is assumed to
be 4 +4 -inclusive events where at least one 4 -hadron is emitted in the LHCb accep-
tance region. The LHCb 4 +4 data sample consists of 34 million simulated events
processed as if they were real data. This corresponds to 13 minutes of running at
the nominal luminosity of ^`_a0 � ���cbed Z � � Z � .

The selection criteria have been chosen to maximize the ratio,

fhg ij ilknmVo (1)

Here i and m stand for the number of signal and background events, respectively
(see Appendix for details).

Since the reconstruction algorithms for $ � % F ��� ) and $ �! % Mp) are very
much alike they are described in parallel.

Photons are identified as neutral clusters in the electromagnetic calorimeter
ECAL [17], that are not associated with charged tracks [18]. The two-body kine-
matics of the signal decays results in a hard transverse energy spectra of photons.
In order to discriminate between the signal and the background from soft photons,
which are produced in the numerous Hq� decays in the rsr -collision, the transverse
energy of the photon, t uv , is required to be greater than ^ oxw�y{z P . The dependence
of the ratio

f
on the cut value is presented in Figure 1. The optimal value is close

to the actual threshold of the dedicated low level trigger for photons with high
transverse energy [19].

Pions and kaons are identified using the difference in logarithmic likelihoods
between assigning the pion, kaon and proton hypothesis to the tracks reconstructed
in the RICH detector [20]. The identification procedure is described in detail else-
where [16]. Charged tracks are considered as pion candidates if |,}S~:������� g
}S~:�`� A � B� A � B�� =�� . As shown in Figure 2a, the

f
function shows no maximum.

Therefore, the standard LHCb cut is applied. For kaons, the cut on |,}S~:��� de-
pends on whether the kaon is used to reconstruct the F ��� or M meson. Kaons pro-
duced in F ��� decays and in M decays are selected with the criteria |,}�~������s� � � ,

1Charged conjugates are implied throughout the paper.
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Figure 1: The ratio
f

as a function of the cut value on t u v , the rest of the cuts
is applied. The arrow points to the chosen value of the t u v cut. a) $ � % F ��� ) ,
b) $ �! % MN) .

|n}�~:�����s� � � (see Figure 3) and |n}�~:�����s� ��� (see Figure 2b) respectively. In
the latter case no cut on |,}S~:�����s� is applied.

Due to the relatively long lifetime of $ mesons, the $ production and de-
cay vertices are spatially separated such that the products of $ decays do not
point to the production vertex. This fact is used to reject tracks originating from
a primary vertex. It is demanded that the significance of the impact parameter� ���� g ����� TU� ���p� � of each of the two charged tracks with respect to all recon-
structed primary vertices has to be larger than 25 ( � ���� � ^:� ). The dependence of
the ratio

f
on the cut value of � ���� is shown in Figure 4.

An unconstrained vertex fit is performed to form F ��� and M candidates. The
distributions of the significance of the � ��s� vertex fit for signal decays and the
dependence of the ratio

f
on the cut value of � ��W� are presented in Figures 5 and 6

for $ � % F ��� ) and $ �! % Mp) decays respectively. Both distributions show very
wide maxima2. For both signal decays � ��s� is required to be smaller than nine
( � ��W� 6 � ) which coinsides with the value used at the event preselection level.

The mass windows for F ��� and M candidates were chosen to be ¡Y�:�£¢ z PhT�¤ �
2The detailed study of the background events in section 3.1 shows that the major background

is due to ¥ ¦N§¨¥�¥�© combinations from the same vertices, which explains these wide maxima.
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Figure 2: a) Pion identification for $ � % F ��� ) . Optimization ratio
f

as a function
of cut value of |,}S~:������� , all other cuts are applied. The arrow indicates a chosen
cut. b) Kaon identification in $ �! % MN) events. Optimization ratio

f
versus cut

value of |,}�~������s� , all other cuts are applied.
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Figure 3: Kaon identification in the case of $ � % F ��� ) : a) The dependency of
ratio

f
on the cut values of |,}S~:���¬�s� and |,}S~:�����s� . b) Colored projection of a).

Cuts are chosen to be |,}S~:�����s� � � and |,}S~:�����s� � � .
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Figure 5: a) The dependency of the ratio
f

on cut value on the � ��W� for $ � % F ��� )
selection; b) The distribution of � ��W� for $ � % F ��� ) events after all selection cuts.
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Figure 6: a) The dependency of the ratio
f

on cut value on the � ��W� for $ �! % Mp)
selection; b) The distribution of � ��s� for $ �! % Mp) events after all selection cuts.

and ¡0 � ¢ z PhT�¤ � respectively around their nominal masses. The corresponding
distributions for the ratio

f
and the invariant mass distributions are shown in Fig-

ures 7 and 8.
In order to reconstruct $ mesons, the selected F ��� and M candidates are com-

bined with a photon candidate. The decay vertex of the F ��� ( M ) is assumed to
coincide with the decay vertex of $ meson. The production vertex of the $ can-
didate is taken to be the primary vertex with respect to which the $ impact pa-
rameter,

����®
, has the smallest value. The distribution of � � -value for this impact

parameter, � ����°¯ , and the corresponding dependency of
f

ratio on the cut value of� ����°¯ are shown in Figure 9. The � ����°¯ is required to be less than nine.
The angle, ± ® , between the momentum of the reconstructed $ candidate and

its flight path from the production to decay vertices provides a powerful constraint
to reject the background. The Figures 10 and 11 represent the dependency of the
optimization ratio

f
on the upper cut values of ± ® and its significance3, � �² ¯ . The

optimal values for the upper cut on ± ® are w d´³cµ�; and and 0 � d´³cµ�; respectively
for the F ��� ) and MN) final states. The small opening angle between the kaons
produced in the M¶% FYX·F Z decay results in a poor M (and therefore $ �! ) vertex

3The significance ¸W¹º�» has been defined as the ¸s¹ of the special constrained fit procedure,
described in [21–23].
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Figure 7: a) The dependency of the ratio
f

on the F ��� mass window for$ � % F ��� ) selection. b) The distribution of the F ��� invariant mass for$ � % F ��� ) events passing all selection criteria.
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Figure 8: a) The dependency of the ratio
f

on the M mass window for $ �! % Mp)
selection. b) The distribution of the M invariant mass for $ �! % Mp) events passing
all selection criteria.
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Figure 9: a) The dependency of the ratio
f

on cut value of � ����°¯ for $ � % F ��� )
selection. b) The � ����:¯ distribution for $ � % F ��� ) events passing all selection
criteria.

resolution. This effect is reflected in the looser cut for the of $ �! % MN) selection.
For both final states the optimized value for the upper cut on � �² ¯ is found to be
seven ¾ � �² ¯ 6 ¿�À .

The background from decays $ � % F ����H·� and $ �! % M HJ� requires special
consideration. These decays can mimic the signal if energetic HÁ� are identified
as a single photon. In order to suppress this background the different polarization
of the vector mesons for the signal and background candidates is exploited. The
helicity of the F ��� T M meson is equal to 0 and ¡`0 in $ A RIÂ !CB % � F ��� T M � H � and$ A RIÂ !DB % � F ��� T M � ) decays. The helicity angle, ±9Ã , is defined as the angle be-
tween one daughter of the vector meson ( F ��� T M ) and the reconstructed $ meson
in the rest frame of the vector meson. The ±UÃ is expected to follow a �ÅÄ�Æ � ± distri-
bution for signals and be~ � �Ç± for the correlated background, while it is flat for the
combinatorial background. The optimized cut value on

O be~ � ±�Ã O is found to be 0.8
as shown in Figure 12 and Figure 13.

The mass distributions of the selected and triggered [19] $ � and $ �! mesons
are shown on Figure 14. The widths of the reconstructed $ � and $ �! are found
to be 8:� o �£¡È^ o ^¢ z PhT�¤ � and ¿ � o �£¡É^ o 0�¢ z PT�¤ � . These are dominated mainly
by the ECAL energy resolution [17]. The signal mass interval is defined to be
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Figure 10: The dependency of the ratio
f

on the cut value of the direction angle± ® for $ � % F ��� ) (a) and $ �! % MN) (b) selection respectively.
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on the cut value of � �² ¯ for $ � % F ��� )
(a) and $ �! % MN) (b) selection respectively.
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¡Y^ �:� ¢ z PhT�¤ � around the nominal mass of $ mesons [24].
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Figure 14: The invariant mass distributions for selected and triggered $ � % F ��� )
(a) and $ �! % MN) (b) decays respectively.

In the case of the $ � % F ��� ) selection, it is possible to see the distinct pat-
tern of the signal and background distributions with the considered sample of 34
million 4 +4 -inclusive events. The final distribution of these events is shown in
Figure 15.

3 Efficiencies and annual yield
The total efficiency is calculated as the fraction of $ decays that are triggered,
reconstructed and selected with the cuts described above. It can be represented as

ÌUÍÏÎÐÍ g Ì3Ñ�ÒÐÓ _ Ì�ÔÕÒ×Ö Â Ñ�Ò×Ó _ Ì3Í�Ñ�Ø Â ÔÕÒ×Ö�Ù
where Ì3Ñ�Ò×Ó is the reconstruction efficiency including the geometrical accep-

tance in ? H solid angle, Ì ÔÕÒ×Ö Â Ñ�Ò×Ó is the efficiency of the offline selection cuts on
the reconstructed events and Ì Í�Ñ�Ø Â ÔÐÒÐÖ is the combined Ú � _ÛÚ�0 trigger efficiency on
selected events. The efficiencies obtained are presented in Table 1.

Using the visible branching ratio $�Ü¬ÝÅÞ ! � $ � % F ��� ) � g ^�� o � _ß0 � Záà [24] and
the probability for a +4 -quark to hadronize into a $ � , â\¾ +4ã% $ � À g � �:2 , the yield
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Figure 15: The invariant mass distribution for selected $ � % F ��� ) candidates
from the 4 +4 -inclusive sample. The red points indicate true $ � % F ��� ) events and
the blue filled histogram represents combinatorial background.

for a nominal annual integrated luminosity of ä�Þ�å Q g ^ªæ�4 Z � for $ � % F ��� ) is cal-
culated to be 8 w�ç events4. Assuming that $�Ü � $ �! % MN) � g $�Ü � $ � % F ��� ) � andâ\¾ +4V% $ �! À g 0 � 2 , 0:0 ç reconstructed, selected and triggered $ �! % MN) events
are expected.

Provided that the inclusive 4 +4 background gives the most significant contri-
bution to combinatorial background, the m T i ratio can be estimated. The back-
ground under the $ mass peak is estimated making a linear extrapolation of the
number of 4 +4 inclusive events observed in the wide $ mass interval ¡`0 y{z PYT�¤ �around the nominal $ mass. In making this extrapolation a small number of

4See [15] and [16] for details.
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Table 1: Obtained efficiencies.

Efficiency $ � % F ��� ) $ �! % Mp)Ì3Ñ�ÒÐÓ � o 8°2 � o ?
2Ì�ÔÐÒÐÖ Â Ñ�Ò×Ó 0:0 o ¿:2 0:0 o ¿:2Ì3Í�Ñ�Ø Â ÔÐÒÐÖ ?
� o �°2 ?:? o 032Ì3ÍÏÎ×Í � o � � 2 � o ^ w 2
true signal decays had to be removed. The m T i ratios are estimated without
applying the trigger. In total 41 and 5 background events excluding true sig-
nal decays passed the selection criteria for $ � % F ��� ) and $ �! % MN) decays re-
spectively. Correspondingly, the m T i ratio is calculated to be � o ¿<0�¡ � o 0:0 and6 � o �:�-èn� � 2êé�Ú . After applying the Ú � _ÛÚ�0 trigger, the m T i ratio is estimated
to be � o 8 � ¡ � o 098 for $ � % F ��� ) and 6 � o �:�*è@� � 2ëé�Ú for $ �! % MN) .

3.1 Study of the remaining background sources
The nature of background events surviving the selection criteria has been stud-
ied in the wide ( ¡`0 y£z PhT�¤ � ) and narrow ( ¡Y^ �:� ¢ z PhT�¤ � ) mass intervals for $
mesons.

3.1.1 Background for $ � % F ��� ) decays

In order to study background events the mass interval for F ��� candidates was
enlarged from ¡Y�:�¢ z PhT�¤ � to ¡Y¿:�¢ z PT�¤ � . Background events are classified
according to the origin of the charged tracks and photons.

As shown in Table 2, charged tracks can originate either from primary PV
(fragmentation processes) or secondary SV ( $ -decays) vertices. They can also be
associated with ghost tracks.

The quality of particle identification is shown in Table 3.
From the data presented in the tables the contribution from ghost tracks can

be seen to be � 2 only. With the present understanding of track reconstruction
within LHCb this type of background is not substantial for these decays. The data
in Table 3 suggest particle misidentification is not a significant background either.
Only 09^:2 of particles are misidentified. In ¿ w 2 of events the selected tracks come
from the same vertex5. So the background consists of mainly F H -pairs coming

5This source of background could be reduced by a tightening of the ¥�ìÕí and î mass windows.
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Table 2: Origin of selected charged tracks forming F ��� candidates.

H from
Fragmentation $ decays Ghosts

Fragmentation 2(same PV) 1 1
2(different PV)

K from $ decays 2 38(same SV) 0
3(different SV)

Ghosts 1 1 0

Table 3: The quality of particle identification.

H
Misidentified Identified correctly Ghosts

Misidentified 1 8 0
Kaons Identified correctly 2 37 1

Ghosts 0 2 0

from the same $ decay. It explains the very wide maxima on the dependency of
the optimization ratio

f
on the cut values for � ���� and � ��W� .

Photons are observed to come from merged H � in 25 events, real single pho-
tons are selected in 24 events and photons are taken from different particles in
two events. Partially reconstructed $ multiparticle decays are found within 22 of
selected events that tend to be in the low mass region and hence do not contribute
to the signal mass window. For example $¬ï � � % F H]H·H·H � (or $ � % F H]H � H � )
decays in the final state where a merged Hq� is identified as a photon and a combi-
nation of the charged kaon with one of the pions is found to be consistent with aF ��� . Three events are $ � % F ����H·� with merged Hð� that lie in a signal region.

3.1.2 Background for $ �! % MN) decays.

Five events were selected in the wide mass window. Two of them correspond to$ � % M HJ� decays with a merged Hð� . One event comes from $ � % MñF G � , where
products of F G � decay are identified as a single photon. Another two events are
combinatorial with true M -mesons from $ decays. In one case, a merged H � is
selected from another $ decay and in the other case, a photon is reconstructed
from many calorimeter deposits from various particles which originate from the

14



primary vertex.
These 5 events are mainly real M and the major part of the background photons

comes from merged Hð� .
4 Summary
From this study, the yield for ^�æ�4 Z � for $ � % F ��� ) decays is expected to be 8 w�çreconstructed events with background to signal ratio � o ¿<0W¡ � o 0:0 ( � o 8 � ¡ � o 03� after
passing Ú � _ÛÚ�0 triggers). For $ �! % Mp) decays the annual yield is estimated to
be 0:0 o � ç with m T i 6 � o �°�-èò� � 2ëé�Ú ( 6 � o �:�*è@� � 2óé�Ú after Ú � _ÛÚ�0 ).

The study of the remaining background empasizes the vital importance of
the proper identification of photons, in particular the separation of high energy
photons from the merged Hð� ’s and the rejection of photon pairs compatible withHJ� -decays. Preliminary studies show the capability to reach high background re-
jection with modest signal losses [25, 26]. These new identification techniques
are currently under investigation to be applied for the selection of rare radiative$ -decays.

The study of the sensitivity to the CP asymmetry will be presented in a future
LHCb note.
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Appendix
The optimization ratio

f
defined as

fhg ij ilknm
is a multivariable function of the selection cuts values. Here i is a number of
signal events in a signal mass window (in this study it is defined as ¡h^ �:� ¢ z PhT�¤ �around known $ �RIÂ ! mass), m is a number of background 4 +4 inclusive events in
the signal mass window. m is obtained from the all available events in a wide
mass region (in the present study ¡0 y£z PYT�¤ � ) excluding true signal events and
assuming that background has a flat shape.

The iterative procedure of the cut optimization implies finding the
f

maxima
while varying the selection cuts. For the first iteration the cuts described in [15]
were applied. The maximum value of

f
is found separately for each cut, keeping

the others fixed. The procedure is repeated iteratively until the position of maxima
for each particular cut

¤Iô
, corresponding to the 2 consequent iterations

�Sõ =�0 � andõ
,
¤÷ö ô

and
¤Åö Z �ô , differ significantly less that the width of the maximum:

øøø ¤Åö ô = ¤Åö Z �ô øøø�ù
øøøøø 0f�ú �

f
ú ¤ �ô

øøøøø Z�û
ü

(2)

In case of low statistics special treatment near the optimal point is required. It
is possible to release some cuts in order to find the maximum on the other one.
For this to be valid the optimized function

f
must change smoothly and be rather

broad around the maximum.
Consider two cuts

¤ � and
¤ � which are to be released. The requirements for

allowed changed | ¤ � and | ¤ � are the following:

ý Let | ¤ � (with
¤ � fixed) give |K � background events more, and | ¤ � (with¤ � fixed) |´K � events so that |K ��þ |K � . Changes | ¤ � and | ¤ � simulta-

neously give rise to |K events.

ý The condition
O |Kó=¶|K � =�|K � O ù d ÄSÆ � |K � Ù |K � � ensures that cuts¤ � and

¤ � belong to a factorization region near the optimum point.

ý Additional condition on steps | ¤ � and | ¤ � demands that one doesn’t move
away from the maximum. It stands | ¤ÿô 6�� ¤ ô , � g 0 Ù ^ , where �

¤Iô
is the

16



width of
f
:

�
¤ ô g øøøøø 0f�ú �

f
ú ¤ �ô

øøøøø Z�û
ü

Under these conditions it is possible to investigate the function
f

with a number
of events sufficient to determine its behaviour near the maximum.

In the case of rather broad maximum of
f

distribution the cut value providing
the maximum of the signal efficiency is chosen. Also in this case to simplify the
possible cross-checks and studies for common systematics for different channel,
the same cut value have been chosen for $ � % F ��� ) and $ �! % MN) channels.
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