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Abstract 

The Crystal Ball detect,or at the e+e- storage ring DORIS-II has been used to search 
for radiat,ive B meson decays. especially of the type b + ST. No mono-energetic T-lines 
have been found in the inclusive phot.on spectrum from Y(4.S) decays. and upper limits 
are obtained for radiative decavs of B mesons to various strange mesons and to the D’. 
Integrating the photon spectrum over the corresponding energy range. we find 

BR(B - -)X)-c 2.8 x 1o-3 

at 90'1, confidence level for the mass range 892 AlcI’ ( 44~ 5 2045 MeT7. 
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1 Introduction 

The exist,ence of flavour changing neut,ral currents between b and s quarks, leading t.o radiative 
transitions b + s-,: is predicted by t,he Standard Model [l] and by its ext,ensions such as 
left-right symmetric theories 123. models with a fourth fermion generation j3] or two Higgs 
doublet,s [4]. and supersymmetric models i5;. As shown in Fig. 1, b + sy may occur in 
the Standard Model through one-loop penguin diagrams 16:. The branching rat.io depends 
on the top quark mass 7nt. and is increased by an order of magnit,ude by QCD radiative 
corrections j'i.S]. A recent calculation gives BR(b --t sy) = 4.4 x 10e4 for mt = 120 Gel’ 
and L2qco = 200 ,VcI* is]. It is believed that the final st,at.es are dominated by K* mesons, 
but the predictions for t,he branching ratios vary widely; for example. estimat,es for I(B + 
K*( 892)3 )/I’( b --+ sy) range from 4.5% to 40c% [S,lOj. 

In this paper we use the inclusive phot,on spectrum from B meson decays t,o search for 
the process b --+ ST [II]. We derive upper limits for two-body exclusive decays B --t X*7. 

- where K’ denotes different kaon spin-parit,y sta.tes. We concentrate on four of them, namely 
K*(892), K1(1400), h-&7iO) and h-,*(2045), which should be representative of other K”s 
with similar masses. To avoid depending on the t,heoretical branching ratios to the individual 
K*‘s, we also derive an inclusive limit for the decay b + sq 1121 by integrating the phot,on 
spectrum over the relevant energy range. 

2 Detector 

The Cryst,al Ball detect,or (described in det,ail in [13] and [14]) is designed to measure precisely 
the energy and direction of elect~romagneticall; showering particles. The energy resolution 
is cr~/E = (2.7 zt 0.2)%/$‘E/Gcl’ and the polar angle resolution varies bet,ween 1" and 3'. 
depending on the photon energy. The major part of the detector - a non-magnet,ic calorimeter 
- is a spherical shell of 672 NaI( Tl) crystals covering 93%) of 4nsr solid angle. The thickness of 
the shell corresponds to 16 radiation lengths or one nuclear interaction length. Each cry&al 
has the shape of a truncated triangular pyramid pointing to the e+e- int,eraction point. 
Charged parbicles are detect,ed in four double layers of proportional tube chambers placed 
inside the ball surrounding the beam pipe cylindrically. The out’ermost layer covers iS% of 
47rsr. 

All events used in this study satisfy our total energy trigger, that is, they deposit at least 
1.9 Gel- in the NaI( Tl) crystals of the main calorimet,er excluding the 60 cryst,als surrounding 
the beam pipe (covering 83% of 4nsr solid angle). 

3 Event selection 

The data used in this analysis were t,aken at the DORIS-II c+c- storage ring on the Y(4.S) 
resonance (ON Y (4s) daba) at a beam energy of (5.290 i 0.005) Gel’ and in t,he continuum 
below this resonance in t.he beam energy range from 5.230 GcV t.o 5.260 GcI-. The integrated 
luminosity of these two data samples is i5.9 pb-’ and 18.5 pb-‘, respectively. 



3.1 Selection of hadronic events 

We first, select multi-hadron events using t.he criteria described in 1141. We find that the 
number of multi-hadronic event,s is NE: = 288.6 x lo3 in the ON Y(4S) and A’,h,“,dl = 56.7 x lo3 
in the cont’inuum data. The number of observed hadronic events arising from the Y(4S) 
resonance is then 

N & = Nk; - NE; x r = (60.3 Il.1) x 103, (1) 

where r = 4.025 i 0.009: the continuum normalizat,ion ratio, is the ratio of t.he numbers of 
Bhabha events in t.he OK Y(4S) and in the continuum dat,a sample. The error of 1.7%) on 

~%‘$~s) is dominaded by t,he 0.4% statistical error of the continuum sample multiplied by the 
fact,or T. Ot,her contributions are a O., 9% statistical uncertaindv in T and less t,han 0.2% from 
a possible difference of the beam-gas background in the ON Y(4S) and the continuum data. 

3.2 Selection of B -+ -,-AT events 

To enhance the ratio of Y(4S) -+ BB events to hadronic continuum events and t,o further 
reduce the background from ~tr- events, we apply two cuts. We select high mult,iplicity 
event.s by requiring that the energy deposition in the main calorimet.er has more than i local 
maxima (which mark particles in the apparatus). Since hadronic events from Y(4S) decays 
are more spherical than those from continuum production, we select, spherically-symmetric 
events with t.he requirement Hz < 0.40. Hz 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 event,s. 

We search for photon candidat,es with energy great,er t.han 1 GeV. To have a reliable charge 
determination, we use only particles that pass through all four layers of tube chambers by 
demanding / cos 8 /< 0.75, where 8 is the angle between the beam axis and the particle 
direct,ion. The photon candidate is allowed to have at. most one hit in the chambers, which is 
consist,ent with the phot,on direct.ion. The lateral pattern of the energy deposition of phot,on 
candidates in the main calorimet,er must, agree with that expect.ed for electromagnetically 
showering part,icles. 

The inclusive photon spectrum obtained aft.er t,hese cuts is plotted for OK Y (45) and 
the cont.inuum dat,a in Fig. 2. The energy scale here is logarithmic with a bin size of 3%: 
which corresponds approximately to the Cryst,al Ball energy resolution. In Fig. 3 we present 
the inclusive photon spectrum from BB events, i.e., aft,er subtraction of the normalized 
cont,inuum. No monoenergetic line is seen. As a check of the continuum subt,raction, we 
calculate the total number of photons in the inclusive spectrum from BB events in t,he 
energy range above 2.7 GeV (see Fig. 3), t,hat is, above the kinematical limit for photons 
from B meson decay. This results in (8 * 54) photons. 

4 Efficiency calculation 

The efficiency for the select,ion of multi-hadron events is estimated by simulating Y (4s ) decays 
according to the reaction 

- 
c-c- + Y(4S) + BB + hadTons (2) 
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using the LUND 6.1 string fragmentation program (161 and passing the generated events 
t.hrough a c.omplet,e detector simulation. Electromagnetically int’eracting particles are han- 
dled by the program EGS 3 [17]. The interactions of hadrons are simulated with the im- 
proved GHEISHA 6 program [IS;. Extra energy deposited in the cryst,als by beam-relat,ed 
background is t~aken into account by overlying special event,s, which have been collect.ed by 
triggering on every 1O’;th beam crossing wit,h no other condition. The Monte Carlo event.s are 
then reconstructed with our st.andard soft,ware and subjected to the same cut,s as t,he data. 
The efficiency of our hadronic selection for BB event,s is found to be 

f,,& = (92.0 i 0.5 Ik kg)%. (3) 

To det,ermine the overall efficiency for selecting hc*-, events, we simu1at.e Y(4S) 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 int.o the standard channels by the LUND program. The K*( 892) decay 
is generat,ed 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 select,ed 
phot.ons from h’*r events to the number of generat,ed events. This yields: 

c;'(*~~) = (13.5 + 0.4 i 0.8)s' 

cT(~~") = (17.0 rt 0.6 i 0.8)% (4) 

c~2(1'70) = (20.4 i 0.6 zt 0.8)% 
_ : c;;(*'~~) = (20.3 i 0.6 i 0.8)%, 

where the first error is statistical and the second systematic. The latter includes the system- 
atic uncertainby in the choice of the fragmentation function applied in the simulation of the 
decay of the other B meson (as a measure of t,his uncertainty we take the difference in efficien- 
cies for the string and Feynman-Field fragmentation funct.ions). For the mode B + K*( 892)~, 
we also st,udy the difference in the efficiencies for neut,ral and charged B meson decays by 
Mont’e Carlo. It is found to be 0.3%. The rise of the efficiency for higher mass K’ stat,es is 
mainly due to the cut on the second Fox-Wolfram moment H 2. For higher masses of t,he K’ 
stat,e, the topology of the event is more symmet,rical (smaller values of H2) as the K’ decays 
then on average into more particles and at the same time the phot,on energy becomes smaller. 

J&‘e performed also Monte Carlo study of the 7rITo background from the decays B -+ 
D(or D*)p+, p+ + 7~+# and B -+ D*T“(IzT*), where R = 1,2,3. For t,he modes 
B + Dp+, p+ -+ r+7rITo and B -+ D*p+, p+ --+ x+7? the generated 7r.s had a cos’ 29 (sin’ 19. 
respect.ively) angular distribution, where 29 is the angle between t,he p+ direct,ion of flight and 
one of the 7’s measured in the p+ rest frame. The decays B -+ D’T’( 17~~ ) ha.ve been uni- 
formly generat,ed in phase space. Using the branching ratios for t,hose modes from Ref. 1191 
we found the number of R”S with energy bigger than 2050 MeV (see section. 5) and surviv- 
ing all cuts bo be of 4.1. This confirms that our selection was efficient in reducing the 7r’ 
background. 

5 Results 

To search for the decays B + K*y? we investigate two distributions: the inclusive photon 
spectrum and the angular dist.ribution between the phot.on and the ‘opposit,e’ part,icle, i.e.. 
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the particle with t.he largest opening angle Q with respect to the photon. Because the B 
meson from Y( 4s) decay has a very low momentum (2 320 h!!eV,/c), the photon and the K’ 
must ha.ve almost opposit’e directions. This should manifest itself in the presence of at, least 
one particle at an angle t,o the select,ed phot,on close to 180‘. For each of the distributions 
in question7 we calculate the likelihood simultaneously for ON Y(4S) and continuum dat,a 
assuming Poissonian error distribution. 

In fits t.o the inclusive phot.on spect,ra of Fig . 2, the signal shape, as determined from t,he 
Mont,e Carlo, is paramet,rized by t,he function 

f(x) = c 
1 + exp 

( 
jx - F/ - a,/2 ’ 

2 1 

where C normalizes the funct,ion to unit area, T is the logarithm of t.he photon energy, (T, 
describes the Doppler broadening of the photon line from the decay B + K’T. and : is 
the det,ector‘s photon energy resolubion. The background is parameterized by the function - 
a + b;c: which gives a good fit to the continuum data. The ON Y(4S) dat,a are parametrized 
by X,f+R(a+bx). h w ere the fit paramet,ers iV, and R correspond to the number of photons 
and the cont.inuum normalization ratio: respectively. The likelihood function is 

_ (6) 

where N; and A,1, are the numbers of select,ed phot,ons in the ith bin of t.he ON Y(4S) and the 
continuum spectra while the respective numbers resulting from the fit, are Yk and 1,s. Here the 
first and second factors represent the likelihoods for the ON Y(4S) dat,a and the continuum 
data. The number of fitt.ed background events in the ON Y(4S) spectrum is constrained 
by the third fact,or in t,he likelihood function t,o be nearly equal to the fitt.ed continuum 
contribution multiplied by the continuum normalization ratio factor. The strength of this 
constraint is given by the parameter or = 0.009, t,he error on T. The fit results give R wit,hin 
one sigma of T. 

For each K’, the cos o distribution of t.he phot.ons in the corresponding energy range for 
ON Y(4S)d a a and continuum data: is plott.ed. The ON Y (4s) distribution for t,he K*( 2045) t 
case is shown in Fig. 4. The corresponding distribution from a Monte Carlo simulation of 
B + A-*(2045) 3, also shown in Fig. 4, is more sharply peaked towards cos Q = -1 than the 
dat,a. The difference is more pronounced for the lower mass K* st,ates. This shows that the 
angular distribution can add to our discrimination between h’*r decays and other B decays 
or continuum events. To exploit this, we make joint fit.s t,o the phot.on spectrum and the 
cos a distribut.ion for each K’ st,ate. The angular distribut,ion expect,ed for a B + h-*7 signal 
is parametrized by a Gaussian with the mean at COSQ = -1 and with the widt,h obt.ained 
from the fits t,o the respective Monte Carlo dist.ribut,ions. The background is parametrized 
by a constant plus a quadrat,ic t,erm (c + dcos’ ct). The likelihood fun&on given in Eq. 6 is 
multiplied by corresponding fact,ors for the ON Y(4S) and continuum angular distributions. 
As an example, we present in Fig. 5 the joint fit for the mode B + A-*(892)7. 

Because t,he fits for different K* spin states do not give st,atisticallg significant signal 
amplitudes above background (see Table 1). we convert t.hem to 90% C.L. upper limits on 
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the branching ratios by numerically int,egrating the likelihood function for the branching ratio 

taking int.o account. the errors in t,he efficiencies and in the number of BB pairs [20]. The 
resulting limits from fits with and without the angular dist,ributions are list.ed in Table 1. We 
also present. there limit,s on B -+ D’(201O)y, using the same efficiency as for t,he 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 K’(892), t,he K” s decay isotropically in our Monde Carlo, 
which should be a reasonable approximation for these multi-body decays. A deviation from 
isotropy should have little effect. on the photon spect,rum, but its effect on limits obtained 
using the angular distribution is hard t.o quantify. Therefore, for conservative upper limits 
we must rely on the photon distribut.ion alone for the heavier K*‘s. 

From the photon spectrum, we also derive an upper limit. on the branching ratio for the - 
process B + TX, where by X we denote any hadron state in the mass range between the 
K*(892) and the Ki(2045) taking into account the Doppler shift and the energy resolution 
of the det,ect,or. The corresponding photon energies range from 2700 MeI’ t,o 2050 A4eT/. In 
this energy range the t.otal number of photons is (-61* 58). Assuming that our efficiency in 
the range in question is t,he mean value of efficiencies ffom Eq. 5 we find a 90% C.L. upper 
limit on the branching ratio for the decay B -+ yX of BR(B -+ yX) < 2.8 x 10e3. If we 
extend the mass range up to 2800 MeV and assume the same value of the efficiency, we find 
3.i x 10d3. Assuming that all strange st,at,es are in the given mass range and that, s quarks 
fragment, with 100% probability t.o X,, our limit is valid also for the b --+ ST transition. 

Alt.ernatively, a limit on b -+ sy can be derived from our limit on B -+ K*( 892)7 and 
theoretical calculations of the ratio r( B -+ K*(892)y)/r(b -+ sy). Calculations for that’ 
ratio range from 4.5% [S] to 40% [lo]. Using 4.5% we obtain BR(b + sy) < 3.3 x lo-‘; for 
4OY0 our limit is < 3.7 x 10-3. We see from these values that the method of the previous 
paragraph, obt.aining the b + sy limit directly from the photon spectrum: is more powerful 
in our experiment,. It also has the advantage of being relatively model-independent. 

6 Conclusions 

M7e have not seen any monoenergetic phot,on 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 + A-*(892)3.) < 1.5 x lo-” 

BR(B --+ &(14OO)y) < 1.6 x lo-” 

BR(B --+ K2(1770)y) < 1.2 x 1O-3 

BR(B + A-;(2045)y ) i 1.0 x lo-” 

BR(B + D*(2OlO)y) c; 1.1 x 10-3. 

For the heavier K*‘s, t,hese limits are stronger than recent CLEO 1211 and ARGUS [22] results 
(see Table 2). We do not give explicit est.imat.es for other K’ sbates. However, due to the 
small difference in the photon energies, the limits on the K’(lf15) and K,*(li80) must be 
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similar to t,he one we quote for the K2(1XO). The same is valid for the Ki(l400), K’(l415), 
h’,‘( 1430) and K;( 1430). 

We also look inclusively for b + sy by integrating t,he phot,on spectrum over the range 
corresponding bo 892 -MCI- 5 AI(X) 5 2045 MCI-. Assuming 100% fragmentat.ion of the s 
quarks t.o states within this range. we obt.ain 

BR(h -+ sp ) ,: 2.8 x 10-3. 

This limit is of the same level as recent. CLEO and ARGUS results (see Table 3), but free from 
t,heoretical assumptions e.g., on the ratio I’(B -+ K’(892)y)/I’(b --+ sy). Thus it. provides an 
alt,ernative confirmation of the results of other experiment,s. However? it is still an order of 
magnitude higher than the recent predict,ions [9;. 
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Table 1: 90% C.L. upper limits on branching ratios for the decays B + h’*-, and 
B -+ D’(2010)~. Note that. due to the proximity in phot,on energy of all K*‘s the numbers 
of photons determined by the fits are correlat,ed. 

/ 
Decay mode Number of photons N-, BRCTL x lo4 (90% C.L.) / 

I 
3 spectrum joint. fit. 1 spectrum I joint fit “, spectrum j 

(events) , (events) 
I 
I 

B -+ K*(892h 19.i* 19.8 I 8.5 * 12.5 26.2 I 14.8 60.0/56 q = l.Oi 1 
I I I / 

B -+ &(1400)3 1 4.6 i 20.2 I -3.0 i 15.6 I 16.2 j 10.6 61.0/56 = 1.09 j 
B -+ K2(li70)-, / -0.1 * 20.3 / -10.2 i 15.8 ~ 12.2 7.6 61.1/56 = 1.09 / - 
B + A-:(2045h 1 -9.5 + 19.9 / -19.2 i 16.4 / 10.0 6.6 60.8156 = 1.09 / 

, , 1  

B ---+ O’(2010)~ I -6.9 zt 19.9 1 -17.3 i 16.1 
I 
/ 10.6 / 6.6 j 61.0/56 = 1.09 1 

Table 2: Summary of experimentaI results for B + K*y decays (BR x lo4 at 90% C.L.). 
The CLEO and ARGUS result,s are taken from [21] and (221. In the present. experiment the 
charged and neutral B meson decays are not distinguished. Therefore only values averaged 
owver. decays of charged and neutral B mesons are presented. 

Mode CLEO ARGUS Cryst,al Ball 

B” --+ K*“(892)-) 2.8 4.2 
14.8 

B+ + K*+(892)y 5.5 5.2 
B" -+ K1"(1270)y 78.0 
l3+ + Iq(1270)r 66.0 

B” --+ K,“(l400)7 / 48-o 1 16.2 
/ II+ --t Kf(1400)~ 20.0 

B" --+ K;"(l430)r 4.4 
B+ --+ Ay'(1430)r 13.0 

/ B" -+ K'"(l715)3 22.0 
I?+ -+ A-*+(l715)y 17.0 

B" --+ K,"(li7O)-y 

' B+ ---f K;(li70)7 ; 
12.2 

B” -+ Kj”(l780)7 110.0 
B+ -+ K,‘+(li80)y 50.0 / 

I 
B" -+ hc,'"(2045)~ I 

I 
48.0 1 

10.0 

i 

1 B+ --+ Ii-;+(2045)~ j I 90.0 / 
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Table 3: Comparison of upper 1imit.s on t,he branching ratio for the decay b -+ sy (BR x lo3 
at, 9076 C.L.). The CLEO and ARGUS results are taken from [21] and [22] and are based on 
the experiment,al upper limit. on the branching ratio for the exclusive mode B” 4 K’“(892)y 
(see Table 2). In t,he present experiment the result. arises from the inclusive measurement of 
the phot,on spectrum. 

BR(b + sy) x lo3 

r I?‘0 + K*“(8g2)y) CLEO ARGUS Crystal Ball 
l?b--+S-f 

4.5% 6.2 9.3 
2.8 

40.0% 0.7 1.1 

Figure 1: B + K*? penguin diagrams in the St,andard Model. 

11 



dn’ 
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:..‘“: - :... :“: ,. ._ ,. ., .’ : ; ,.. :. . ‘. I .. : ‘: ,f ‘:, . ..,’ .._.: . . . . 

0.0 1100 1500 2000 2500 3000 4000 

Figure 2: Inclusive spectrum of photons from the ON Y(4S) (solid histogram) and the con- 
tinuum (dotted histogram) data samples. We multiply the continuum spectrum by T = 4.025 
before subtracting it to get, Fig. 3. 

100.0 1 I 
1 

dN 
d In E-0.03 I 

photons from B meson decayst 11 -+ not B decays 

II + . + II 

1 ~~~tt+,~~+‘~~,~,i_, 

? T 
M recoil : 2045 892 M~l’/c2 

I I I I ‘-100.0 ’ 1100 1500 2000 2500 3000 4000 
E, (Mel-) 

Figure 3: The inclusive photon speckum from BB events (aft,er the subtraction of t.he con- 

tinuum contribution from the ON Y(4S) events). 
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cos a 

Figure 4: The diskibutions (normalized to the same area) of the angle between the photon 
and the ‘opposite’ particle for ON Y (4s) data (solid hist,ogram) and a Mont,e Carlo simulation 
of the decay chain Y (4s) -+ BB, B -+ Ki(2045)~ (dot,ted histogram). 

13 



80.0 

60.0 

40.0 

20.0 

0.7 

dN 
d cos 0.0.01 

60.0 

40.0 

20.0 

0.0 

500 2000 2500 3000 

-1.0 -0.9 -0.8 
cos Q 

Figure 5: The simultaneous fit (solid line) to (a) the inclusive photon spectrum and (b) .t,o 
the distribution of the cosine of the angle Q between the photon and t.he ‘opposite particle 
for ON Y(4S) ( circles) and continuum (kiangles) phot,ons in the energy range expected for 
the B -+ K*(892)-y decay. The area between the solid and dotted line corresponds to the 
fitt,ed signal. 
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