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Abstract

The Crystal Ball detector at the e*e™ storage ring DORIS-II has been used to search
for radiative B meson decays, especially of the type b — s7. No mono-energetic v-lines
have been found in the inclusive photon spectrum from Y(45) decays. and upper limits
are obtained for radiative decays of B mesons to various strange mesons and to the D*.
Integrating the photon spectrum over the corresponding energy range. we find

BR(B — 7X)< 2.8x1073

at 90% confidence level for the mass range 892 MeV < My < 2045 Mel'.
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1 Introduction

The existence of flavour changing neutral currents between b and s quarks, leading to radiative
transitions b — s5, is predicted by the Standard Model [1] and by its extensions such as
left-right symmetric theories [2]. models with a fourth fermion generation {3 or two Higgs
doublets [4]. and supersymmetric models {5]. As shown in Fig. 1, b — sy may occur in
the Standard Model through one-loop penguin diagrams [6:. The branching ratio depends
on the top quark mass m,. and is increased by an order of magnitude by QCD radiative
corrections |7.8]. A recent calculation gives BR(b — s~7) = 4.4 x 107* for m; = 120 GeV
and Agcp = 200 MeV [9). It is believed that the final states are dominated by A* mesons,
but the predictions for the branching ratios vary widely; for example, estimates for I'(B —
K*(892)4)/T'(b — sv) range from 4.5% to 40% ([8,10;.

In this paper we use the inclusive photon spectrum from B meson decays to search for
the process b — s4 [11]. We derive upper limits for two-body exclusive decays B — HA™*4.
where K* denotes different kaon spin-parity states. We concentrate on four of them, namely
K*(892), K1(1400), A>(1770) and K;(2045), which should be representative of other A™*'s
with similar masses. To avoid depending on the theoretical branching ratios to the individual
K*’s, we also derive an inclusive limit for the decay b — s4 [12] by integrating the photon
spectrum over the relevant energy range.

2 Detector

The Crystal Ball detector (described in detail in [13] and [14]) is designed to measure precisely
the energy and direction of electromagnetically showering particles. The energy resolution
isog/E = (2.7 % 0.2)(72/<//E/’G6V and the polar angle resolution varies between 1° and 3°.
depending on the photon energy. The major part of the detector — a non-magnetic calorimeter
— 1s a spherical shell of 672 Nal(Tl) crystals covering 93% of 4#sr solid angle. The thickness of
the shell corresponds to 16 radiation lengths or one nuclear interaction length. Each crystal
has the shape of a truncated triangular pyramid pointing to the e*te™ interaction point.
Charged particles are detected in four double layers of proportional tube chambers placed
inside the ball surrounding the beam pipe cylindrically. The outermost layer covers 78% of
4msr.

All events used in this study satisfy our total energy trigger, that is, they deposit at least
1.9 GeV in the Nal(Tl) crystals of the main calorimeter excluding the 60 crystals surrounding
the beam pipe (covering 83% of 4rsr solid angle).

3 Event selection

The data used in this analysis were taken at the DORIS-II ¢t ¢~ storage ring on the Y(45)
resonance (ON Y(4S5) data) at a beam energy of (5.290 &+ 0.005) Gel” and in the continuum
below this resonance in the beam energy range from 5.230 GeV to 5.260 GeV’'. The integrated
luminosity of these two data samples is 75.9 pb~! and 18.5 pb™!, respectively.



3.1 Selection of hadronic events

We first select multi-hadron events using the criteria described in [14]. We find that the
number of multi-hadronic events is N33¢ = 288.6 x 10% in the ON Y(45) and N2{ = 56.7 x 10°
in the continuum data. The number of observed hadronic events arising from the Y(45)
resonance is then

N§is) = No¥ — Nlod x v = (60.3 £ 1.1) x 10°, (1)

where r = 4.025 + 0.009. the continuum normalization ratio, is the ratio of the numbers of
Bhabha events in the ON Y(4S) and in the continuum data sample. The error of 1.7% on
N%lz;S) is dominated by the 0.4% statistical error of the continuum sample multiplied by the
factor r. Other contributions are a 0.2% statistical uncertainty in r and less than 0.2% from
a possible difference of the beam-gas background in the ON Y(4S5) and the continuum data. .

3.2 Selection of B — X events

To enhance the ratio of Y(4S) — BB events to hadronic continuum events and to further
reduce the background from 7777 events, we apply two cuts. We select high multiplicity
events by requiring that the energy deposition in the main calorimeter has more than 7 local
maxima (which mark particles in the apparatus). Since hadronic events from T(45) decays
are more spherical than those from continuum production, we select spherically-symmetric
events with the requirement H, < 0.40. H, is the second Fox-Wolfram moment [15] describing
the energy-weighted angular topology of an event; it is close to one for jet-like events and is
almost zero for spherical events.

We search for photon candidates with energy greater than 1 GeV. To have a reliable charge
determination, we use only particles that pass through all four layers of tube chambers by
demanding | cos#

< 0.75, where 6 is the angle between the beam axis and the particle
direction. The photon candidate is allowed to have at most one hit in the chambers, which is
consistent with the photon direction. The lateral pattern of the energy deposition of photon
candidates in the main calorimeter must agree with that expected for electromagnetically
showering particles.

The inclusive photon spectrum obtained after these cuts is plotted for ON Y(45) and
the continuum data in Fig. 2. The energy scale here is logarithmic with a bin size of 3%,
which corresponds approximately to the Crystal Ball energy resolution. In Fig. 3 we present
the inclusive photon spectrum from BB events, i.e., after subtraction of the normalized
continuum. No monoenergetic line is seen. As a check of the continuum subtraction, we
calculate the total number of photons in the inclusive spectrum from BB events in the
energy range above 2.7 GeV (see Fig. 3), that is, above the kinematical limit for photons
from B meson decay. This resultsin (8 + 54) photons.

4 Efficiency calculation

The efficiency for the selection of multi-hadron events is estimated by simulating Y(45) decays
according to the reaction

€ ¢ — Y(45S) » BB — hadrons

—
(O]



using the LUND 6.1 string fragmentation program [16] and passing the generated events
through a complete detector simulation. Electromagnetically interacting particles are han-
dled by the program EGS 3 [17]. The interactions of hadrons are simulated with the im-
proved GHEISHA 6 program [18]. Extra energy deposited in the crystals by beam-related
background is taken into account by overlyving special events, which have been collected by
triggering on every 10"th beam crossing with no other condition. The Monte Carlo events are
then reconstructed with our standard software and subjected to the same cuts as the data.
The efficiency of our hadronic selection for BB events is found to be

€had = (92.0 + 0.5 + 0.9)%. (3)

To determine the overall efficiency for selecting K*4 events, we simulate Y(45) decays
to the BB pair where one B meson decays into a photon and a K* and the other B meson
is allowed to decay into the standard channels by the LUND program. The K*(892) decay
is generated with the correct angular distribution, while those for the higher mass K*’s are
approximated by phase space. The efficiency is given as the ratio of the number of selected
photons from K*v events to the number of generated events. This yields:

M = (13.5+£04+0.8)%
11490~ (17.0 £ 0.6 £ 0.8)% (4)
20710 = (20.4 £ 0.6 £ 0.8)%
X0 = (20.3+£0.6 % 0.8)%,

where the first error is statistical and the second systematic. The latter includes the system-
atic uncertainty in the choice of the fragmentation function applied in the simulation of the
decay of the other B meson (as a measure of this uncertainty we take the difference in efficien-
cies for the string and Feynman-Field fragmentation functions). For the mode B — K*(892)
we also study the difference in the efficiencies for neutral and charged B meson decays by
Monte Carlo. It is found to be 0.3%. The rise of the efliciency for higher mass R* states 1s
mainly due to the cut on the second Fox-Wolfram moment H2. For higher masses of the A*
state, the topology of the event is more symmetrical (smaller values of H2) as the A" decays
then on average into more particles and at the same time the photon energy becomes smaller.

We performed also Monte Carlo study of the 7° background from the decays B —
D(or D*)p*, p* — =w7° and B — D*n°(n7%), where n = 1,2,3. For the modes
B — Dp*, pt — n77° and B — D*pt, pt — 7t n° the generated 7's had a cos® ¥ (sin’ ¥,
respectively) angular distribution, where 9 is the angle between the p* direction of flight and
one of the 7’s measured in the p* rest frame. The decays B — D*n°(n7n*) have been uni-
formly generated in phase space. Using the branching ratios for those modes from Ref. (19
we found the number of 7°’s with energy bigger than 2050 MeV (see section. 5) and surviv-
ing all cuts to be of 4.1. This confirms that our selection was eflicient in reducing the 7°
background.

5 Results

To search for the decays B — K5, we investigate two distributions: the inclusive photon
spectrum and the angular distribution between the photon and the ‘opposite’ particle, 1.e.,



the particle with the largest opening angle a with respect to the photon. Because the B
meson from Y(4S5) decay has a very low momentum (= 320 MeV/c), the photon and the K*
must have almost opposite directions. This should manifest itself in the presence of at least
one particle at an angle to the selected photon close to 180°. For each of the distributions
in question, we calculate the likelihood simultaneously for ON Y(45) and continuum data
assuming Poissonian error distribution.

In fits to the inclusive photon spectra of Fig. 2, the signal shape, as determined from the
Monte Carlo, is parametrized by the function

C

()

(5)

~

where C' normalizes the function to unit area, r is the logarithm of the photon energy. o,
describes the Doppler broadening of the photon line from the decay B — A*4. and : 1s
the detector’s photon energy resolution. The background is parameterized by the function
a + bz, which gives a good fit to the continuum data. The ON Y(4S) data are parametrized
by N.f+ R(a+ bz), where the fit parameters N, and R correspond to the number of photons
and the continuum normalization ratio, respectively. The likelihood function is

L =LonY,N)x Lecont(V,M) x Liym

Ni | _V. v M, _ RV
(). () (o B2
where N; and M, are the numbers of selected photons in the i*" bin of the ON T(45) and the
continuum spectra while the respective numbers resulting from the fit are Y, and V). Here the
first and second factors represent the likelihoods for the ON Y(4S) data and the continuum
data. The number of fitted background events in the ON Y(4S) spectrum is constrained
by the third factor in the likelihood function to be nearly equal to the fitted continuum
contribution multiplied by the continuum normalization ratio factor. The strength of this
constraint is given by the parameter o, = 0.009, the error on 7. The fit results give R within
one sigma of 7.

For each R'*, the cos a distribution of the photons in the corresponding energy range for
ON T(45) data and continuum data, is plotted. The ON Y (4S5) distribution for the A*(2045)
case is shown in Fig. 4. The corresponding distribution from a Monte Carlo simulation of
B — K*(2045)y, also shown in Fig. 4, is more sharply peaked towards cosa = —1 than the
data. The difference is more pronounced for the lower mass K* states. This shows that the
angular distribution can add to our discrimination between K*+ decays and other B decays
or continuum events. To exploit this, we make joint fits to the photon spectrum and the
cos a distribution for each A™* state. The angular distribution expected for a B — K"~ signal
is parametrized by a Gaussian with the mean at cosa = —1 and with the width obtained
from the fits to the respective Monte Carlo distributions. The background is parametrized
by a constant plus a quadratic term: (¢ + d cos? a). The likelihood function given in Eq. 6 is
multiplied by corresponding factors for the ON Y(4S5) and continuum angular distributions.
As an example, we present in Fig. 5 the joint fit for the mode B — Ah*(892)y.

Because the fits for different A™* spin states do not give statistically significant signal
amplitudes above background (see Table 1), we convert them to 90% C.L. upper limits on



the branching ratios by numerically integrating the likelihood function for the branching ratio

BR- ol
2N"}?is)/fhad’

taking into account the errors in the efficiencies and in the number of BB pairs [20;. The
resulting limits from fits with and without the angular distributions are listed in Table 1. We
also present there limits on B — D*(2010)~, using the same efficiency as for the K ;(2045).
For each of the K*’s and for the D*, use of the angular distribution improves the limit, as
expected. However, except for the A*(892), the K*’s decay isotropically in our Monte Carlo,
which should be a reasonable approximation for these multi-body decays. A deviation from
isotropy should have little eflect on the photon spectrum, but its effect on limits obtained
using the angular distribution is hard to quantify. Therefore, for conservative upper limits
we must rely on the photon distribution alone for the heavier K*’s.

From the photon spectrum, we also derive an upper limit on the branching ratio for the
process B — X, where by X we denote any hadron state in the mass range between the
K*(892) and the K;(2045) taking into account the Doppler shift and the energy resolution
of the detector. The corresponding photon energies range from 2700 MeV to 2050 MeV. In
this energy range the total number of photons is (—61 £ 58). Assuming that our efficiency in
the range in question is the mean value of efficiencies from Eq. 5 we find a 90% C.L. upper
limit on the branching ratio for the decay B — 7X of BR(B — 7X) < 2.8 x 1073, If we
extend the mass range up to 2800 MeV and assume the same value of the efficiency, we find
3.7 x 1073, Assuming that all strange states are in the given mass range and that 3 quarks
fragment with 100% probability to X, our limit is valid also for the b — s5 transition.

Alternatively, a limit on b — sy can be derived from our limit on B — KA*(892)7 and
theoretical calculations of the ratio I'(B — K*(892)y)/T'(b — sv). Calculations for that
ratio range from 4.5% [8] to 40% [10]. Using 4.5% we obtain BR(b — sv) < 3.3 x 107?; for
40% our limit is < 3.7 x 1073, We see from these values that the method of the previous
paragraph, obtaining the b — sv limit directly from the photon spectrum, is more powerful
in our experiment. It also has the advantage of being relatively model-independent.

6 Conclusions

We have not seen any monoenergetic photon line in the inclusive spectrum of high-energy
photons coming from Y(4S) decays. In particular, we obtain the 90% C.L. upper limits

BR(B — K*(892)y) < 1.5x107°
BR(B — K,;(1400)7) < 1.6 x107*
BR(B — R,(1770)7) < 1.2x107°
BR(B K'(2045)')) < 1.0x 1077
BR(B — D*(2010)y) < 1.1 x107°.

For the heavier K*’s, these limits are stronger than recent CLEO |21} and ARGUS [22] results
(see Table 2). We do not give explicit estimates for other A* states. However, due to the
small difference in the photon energies, the limits on the A*(1715) and A;(1780) must be



similar to the one we quote for the A,(1770). The same is valid for the A;(1400), K*(1415),
K}(1430) and K;(1430).

We also look inclusively for b — sy by integrating the photon spectrum over the range
corresponding to 892 Mel” < M(X) < 2045 MeV. Assuming 100% fragmentation of the s

quarks to states within this range. we obtain

BR(b — sv) < 2.8 x 107°.

This limit is of the same level as recent CLEO and ARGUS results (see Table 3), but free from
theoretical assumptions e.g., on the ratio I'(B — K*(892)y)/I'(b — sv). Thus it provides an
alternative confirmation of the results of other experiments. However, it is still an order of
magnitude higher than the recent predictions [9].
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Table 1:

of photons determined by the fits are correlated.

90% C.L. upper limits on branching ratios for the decays B

—  K*~4 and
B — D*(2010)y. Note that due to the proximity in photon energy of all A'*’s the numbers

pJ

T Decay mode Number of photons N, | BR'! x 10* (90% C.L.) N%F
4 spectrum joint fit ~ spectrum | joint fit 4 spectrum |
(events) (events)
B — K*(892)y 19.7 £ 19.8 8.5+ 12.5 26.2 14.8 60.0/56 = 1.07
B — K,;(1400)4 4.6=+20.2, —3.0+£15.6 16.2 10.6 61.0/56 = 1.09
B — KR,(1770)5 | —0.1+£20.3 | —10.2 £ 15.8 12.2 7.6 61.1/56 = 1.09
B — K;(2045)7 | —9.5x19.9 | —19.2+16.4 10.0 6.6 60.8/56 = 1.09
B — D*(2010)y | —6.9+ 199  —-17.3+16.1 10.6 6.6 61.0/56 = 1.09

Table 2: Summary of experimental results for B — K*~y decays (BR x 10* at 90% C.L.).
The CLEO and ARGUS results are taken from [21] and [22]. In the present experiment the
charged and neutral B meson decays are not distinguished. Therefore only values averaged

over decays of charged and neutral B mesons are presented.

Mode CLEO | ARGUS | Crystal Ball
° T*°(892)y 2 2
B° — K*°(892) 2.8 4.2 148
Bt — K**(892)y 5.5 5.2
B° — K?(1270)y 78.0
Bt — K[ (1270)y 66.0
B° — K?(1400)4 48.0 16.2
B* — K{(1400) 20.0
B° — K}°(1430)y 4.4
B* — R3%(1430)y 13.0
B° — R*°(1715)y 22.0
Bt — K**(1715)y 17.0
B° — K3(1770)y 12.9
B* — K;(1770)4
B° — K3:°(1780)~ 110.0
Bt — R}7(1780)% 50.0
o) %0 )
B° — K;°(2045)q 48.0 10.0
Bt — K]7(2045)y 90.0

10



Table 3: Comparison of upper limits on the branching ratio for the decay b — sy (BR x 10°
at 90% C.L.). The CLEO and ARGUS results are taken from [21] and [22] and are based on
the experimental upper limit on the branching ratio for the exclusive mode B® — K*°(892)~
(see Table 2). In the present experiment the result arises from the inclusive measurement of
the photon spectrum.

BR(b — sv) x 10°
D(B° — K™(892)%) | 150 | ARGUS Crystal Ball
(b — sv)
4.5% 6.2 9.3
2.8
40.0% 0.7 1.1

Figure 1: B — K*~ penguin diagrams in the Standard Model.
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Figure 3: The inclusive photon spectrum from BB events (after the subtraction of the con-
tinuum contribution from the ON Y(4S) events).
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Figure 4: The distributions (normalized to the same area) of the angle between the photon
and the ‘opposite’ particle for ON T(4S) data (solid histogram) and a Monte Carlo simulation
of the decay chain Y(4S) — BB, B — K;(2045)y (dotted histogram).
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Figure 5: The simultaneous fit (solid line) to (a) the inclusive photon spectrum and (b) to
the distribution of the cosine of the angle a between the photon and the ‘opposite’ particle
for ON Y(45) (circles) and continuum (triangles) photons in the energy range expected for
the B — K*(892)y decay. The area between the solid and dotted line corresponds to the

fitted signal.



