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THE BELLE EXPERIMENT INVESTIGATIONOF CP VIOLATION AT THE KEK B-FACTORY�Krzysztof Rybi
kion behalf of the BELLE 
ollaborationH. Niewodni
za«ski Institute of Nu
lear Physi
sKawiory 26A, 30-055 Kraków, Polande-mail: Krzysztof.Rybi
ki�ifj.edu.pl(Re
eived February 4, 1999)The BELLE 
ollaboration (about 330 physi
ists and students from 50laboratories representing ten 
ountries) prepares a dedi
ated CP violationexperiment at the KEK B-fa
tory, now under 
ommisioning. The BELLEdete
tor was 
ompleted in De
ember 1998 and should start data taking inApril 1999.PACS numbers: 12.15.Ff, 13.20.He, 13.25.Hw1. Introdu
tionA study of CP violation represents one of the most interesting topi
sin high energy physi
s. This study allows a very thorough 
he
k of theStandard Model. The report sket
hes the main physi
s goals and des
ribesone of two dete
tors1, whi
h should soon yield high quality data.2. CKM matrix and unitarity triangleA very 
onvenient parametrization [1℄ of the Cabibbo�Kobayashi �Maska-wa matrix is as follows:VCKM = 0� 1� �2=2 � A�3(�� i�)�� 1� �2=2 A�2A�3(1� �� i�) �A�2 1 1A+O(�4) ;� Presented at the Cra
ow Epiphany Conferen
e on Ele
tron�Positron Colliders,Cra
ow, Poland, January 5�10, 1999.1 another is the Babar at the PEP-II B-fa
tory at SLAC(1837)
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kiwhere � = 0:2196� 0:0023 and A = 0:819� 0:035 are very well known. Ourknowledge of � and � parameters (the latter being responsible for CP viola-tion) is mu
h worse. There have been many estimates of these parametersbased on B0 $ B0 mixing, Vub, the strength "K of CP violation in K de
aysand (sometimes) the limit on B0s $ B0s mixing. E.g. Mele [2℄ has re
entlygiven the following 2� limits:�0:025 < � < 0:358 ;0:274 < � < 0:531 :It should be stressed that all su
h estimates involve theoreti
al un
ertainties
onne
ted e.g. with the box fa
tor BK or the B de
ay 
onstant fB.From unitarity of CKM matrix one obtains:V �ub + V
dV �
b + Vtd � 0whi
h 
an be plotted as the unitarity triangle (see Fig. 1).
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�V �ub���RB ! �l� Vtd ���	B0 , B0
V
dV �
b XXXXXy B ! D�l�Fig. 1. The unitarity triangleNote that all the sides of the triangle 
an be very pre
isely measuredat the B-fa
tory using e.g. the pro
esses shown in Fig. 1. In prin
iple allthe angles 
an be determined from CP violation measurements (see nextse
tion). Together with the very pre
ise determination of the sides thiswill yield an overdetermined system allowing a very demanding test of theStandard Model.Dividing all sides of the triangle by jV
dV �
bj = �jV
bj one obtains thenormalized triangle, the upper vertex lo
ated in the (�, �) point (see Fig. 2showing also some 
andidate pro
esses for the measurement of angles).



The BELLE Experiment Investigation of CP Violation at... 1839

�������
�����bbbbbbbbbbbbbbbbbbbb

�

�B0 ! D0K�0XXXXXz
�����9 B0 ! �+��

���	 B0 ! J= K0V �ub�jV
bj Vtd�jV
bj
(0; 0) (1; 0)

(�; �)

Fig. 2. The (res
aled) unitarity triangle3. Measurement of the angles of the unitarity triangleThe best method is the measurement of a CP violation due to interferen
ebetween mixing and de
ay of B0 into CP eigenstate f . The state f 
an beprodu
ed in two ways, namely B0 ! f or B0 ! B0 ! f . One shouldmeasure a time-dependent CP violating asymmetryaf (t) = � (B0 ! f)� � (B0 ! f)sumwhi
h is expe
ted to be large (tens of per
ents) for some de
ays. It 
an beshown that af (t) = (CP )f sin 2� sin(t�M) ;where� is an angle of unitarity triangle;�M =M(B0H)�M(B0L) � 0:46 ps�1;t = tf � ttag;tf � de
ay time of �our� B into f ;ttag � de
ay time of �other� B into any tagging mode.Note that (very 
onveniently!) �M , is of the order of the B lifetime. It isthe tagging B whi
h tells us whether �our� B was originally B0 or B0. Forthis purpose a full re
onstru
tion of tagging B de
ay is not ne
essary; a signof lepton, K or D� is su�
ient.
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kiTwo things are essential here:� This determination of angles is free from theoreti
al un
ertainties;� R af (t)dt � 0 thus both de
ay verti
es must be seen to study the time-dependent CP violating asymmetry. Therefore asymmetri
 B-fa
toryis needed to provide a boost of the CM system.A �gold-plated� de
ay for the determination of the angle � is B0 !J= K0 whi
h has a reasonable bran
hing fra
tion [3℄ i.e. BF(B0 ! J= K0)= (8:9 � 1:2)� 10�4. The de
ay produ
ts are easily identi�ed sin
e J= !l+l�, K0S ! �+�� and K0L is seen in spe
ial dete
tor. We expe
t �sin 2� �0:06. This angle 
an be also measured in other de
ays like B0 ! J= K�0,B0 ! D+D�, B0 ! D�+D��.A more di�
ult is the measurement of the angle �. The seemingly best
andidate B0 ! �+�� has two disadvantages. One is a very small bran
hingfra
tion [3℄ i.e. BF(B0 ! �+��) < 1:5 � 10�5. The se
ond is a possible
ontribution from a penguin graph. To solve the latter problem one shouldalso measure B0 ! �0�0 and make an isospin analysis. This will not bean easy task (the bran
hing fra
tion [3℄ is BF(B0 ! �0�0) < 9:3 � 10�6).Other de
ays e.g. B0 ! �+�� may eventually appear to be better.Measurement of the 
 angle is probably even more di�
ult. One shouldeither study a B de
ay with dire
t CP violation e.g. B0 ! D0K�0 or move toenergy high enough to produ
e a B0sB0s pair and measure e.g. the B0s ! D0�de
ay. 4. The 
olliderThe KEK-B a

elerator 
onstru
ted on the TRISTAN site in Tsukuba,Japan will 
ollide 8 GeV e� with 3:5 GeV e+. The design luminosity is1034
m�2s�1 
orresponding to R Ldt = 100fb�1 i.e. � 108 BB pairs peryear. The main di�eren
es with respe
t to the PEP-II B-fa
tory are largernumber of bun
hes and 22 mrad 
rossing angle as 
ompared to head-on
ollisions. The 
ommisioning of the 
ollider should be �nished in Mar
h1999 2. 5. General features of the dete
torThe CP violation asymmetry will be measured for many B meson de
ays.The de
ays in question are rare (BF� 10�5 � 10�4), mainly ex
lusive andoften involve neutral de
ay produ
ts (�0's and K0's). Charged parti
lesand photons should be well measured down to low momenta. The parti
le2 First 
ollisions were observed on January 27th.



The BELLE Experiment Investigation of CP Violation at... 1841identi�
ation is essential both for good sele
tion of a de
ay 
hannel and for�avor tagging. The 
ru
ial investigation of time-dependent CP asymmetryrelies on good measurement of se
ondary verti
es. This puts spe
ial demandson the dete
tor design. Thus we need:wide angular a

eptan
e and good hermeti
ity�BELLE dete
tor (see Fig. 3)
overs full azimuthal angle � and the polar angle � in the range of 6:2Æ <� < 171:5Æ (the dire
tion of the z-axis and � = 0 
orrespond to that of thee� beam),

Fig. 3. The BELLE dete
torvertex separation measured with high a

ura
y � Sili
on Vertex Dete
tor(SVD) very 
lose to the beam pipe,
harged parti
le tra
king � Central Drift Chamber (CDC) in 1:5T magneti
�eld will be also used for dE=dx measurement and K0s ! �+�� dete
tion,
harged parti
le identi�
ation�Aerogel Cerenkov Counter (ACC) and Timeof Flight (TOF) 
ounters,identi�
ation and energy measurement of photons and ele
trons � homoge-neous CsI(Tl) 
alorimeter (
alled EMC-Ele
troMagneti
 Calorimeter) aug-mented by the BGO one (
alled EFC-Extreme Forward Calorimeter),K0L dete
tion and muon identi�
ation (KLM) � return yoke instrumentedwith Resistive Plate Counters,
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apability to run at high event rate � fast readout, good trigger and rea-sonable radiation hardness.6. Sili
on Vertex Dete
torThe SVD design has been 
ompletely 
hanged in mid-1997 with respe
tto the Te
hni
al Design Report [4℄. It was then de
ided to 
onstru
t adete
tor whi
h would be simpler but ready in time. The a
tual dete
tor
overs 17Æ < � < 139Æ only. It 
onsists of three 
ylindri
al layers with theradius of 30 mm, 45 mm and 60 mm. They have 8, 10 and 14 ladders, ea
h
onsisting of 2, 3 and 4 Hamamatsu DSSD (Double Sided Sili
on Dete
tor)wafers. In ea
h 
ase the n sides measure the z 
oordinate and the p sidesmeasure the r�. There is a 
ertain overlap between adja
ent ladders to helpin dete
tor alignment (see Fig. 4).

Fig. 4. Sili
on Vertex Dete
torAn upgrade of the SVD to improve the � range and the radiation hardnessis envisaged for next year.7. Central Drift ChamberThe main tra
king dete
tor of 
ompli
ated geometry 
onsists of 50 
ylin-dri
al layers of drift 
ells arranged in 11 superlayers. In addition there arethree 
athode layers for the z measurement. Some of wires are stri
tly axialfor r� measurement and some form a small-angle stereo for an additional zmeasurement.
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ale prototype equipped with 41 layers and �lled with He/C2H6gas was extensively tested in 3:5 GeV=
 pion beam. The spatial resolution of130�m for anodes and 530�m for 
athodes was obtained. This spatial reso-lution should give a design momentum a

ura
y of �pt=pt = 0:5%pp2t + 1.For 3.5 GeV/
 pions the dE=dx was measured in the prototype 
hamberwith the a

ura
y of 5:3%. This indi
ates that a 2� K=� separation at 2GeV/
 
an be a
hieved. At 0.8 GeV/
 the e=� separation is about 4�. Thiswill provide a powerful handle for ele
tron identi�
ation below 1 GeV/
where the EMC resolution is not so good.The 
osmi
 tests of the real CDC generally 
on�rmed the performan
eof the prototype. 8. Charged parti
le identi�
ationIn addition to the dE=dx information from the CDC the BELLE appa-ratus uses Aerogel Cerenkov Counters (ACC) and the Time of Flight (TOF)system for parti
le identi�
ation.
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0.0m1.0m2.0m3.0m 2.5m 1.5m 0.5mFig. 5. Arrangement of Aerogel Cerenkov Counter, CDC (inside) and EMC(outside).The ACC 
onsists of 960(barrel)+228(forward end
ap) modules withtypi
al dimensions of 12�12
m� (10� 14:5)
m. The refra
tion index varieswith � (see Fig. 5) 
orresponding to momentum range expe
ted for ea
h �interval. We use �ve tiles, ea
h 2.4
m thi
k in a module whi
h is viewed
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kiby one or two phototubes3. The radiation hardness was also tested; theaerogel radiators re
eived a dose of about 10Mrad without any 
hange oftransparen
y or of refra
tion index.

Fig. 6. Installation of TOF 
ountersA full s
ale prototype of 1/30 of the barrel ACC was tested in the 1.5Tmagneti
 �eld using the KEK 3:5GeV=
 beam. For pions the e�
ien
y wasabout 98% and only about 2% of subthreshold protons produ
ed the signalwhi
h is 
onsistent with the estimated number of kno
k-on ele
trons. Thereal ACC is now working on 
osmi
s.The TOF system 
overs the barrel region only. It 
onsists of 128 plasti
s
intillation 
ounters 4
m thi
k and read from both sides. They are groupedin 64 modules, ea
h 
ontaining 2 TOF 
ounters and one 5 mm thi
k TriggerS
intillation Counter(TSC). They are separated by the 2
m gap allowingmost ele
trons and positrons from 
onversions in the TSC to 
url up beforerea
hing the TOF.3 This was the result of 
areful optimization sin
e the phototubes represent the largestsingle 
omponent of material in front of EMC. On the other hand two phototubesprovide better e�
ien
y.
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ounters were tested in a 2 GeV/
 beam and the timeresolution was measured to be (65�85)ps. A 6� �=p separation was rea
hed,
orrespondingly we expe
t a �=K separation at 1 GeV/
 to be also on the6� level. An installation of TOF 
ounters is shown in Fig. 6.A prototype TSC 
ounter was also tested in the beam.The light yieldallows the dis
rimination level to be set at 0:5mips without any loss of e�-
ien
y.Sin
e both the ACC and TOF/TSC phomultipliers are in the magneti
�eld we use the Hamamatsu �ne-mesh phototubes with 2000-mesh/in
h dyn-odes. The magneti
 �eld tests showed that with the voltage of 2800V thegain ex
eeds 3� 106. The deterioration in the time resolution is about 10%.9. Ele
tromagneti
 
alorimeterThe main BELLE 
alorimeter (EMC) 
onsists of 8816 CsI(Tl) 
rystalsand 
overs 91% of total solid angle. The 
rystals have tower-like shape withfront fa
e of 5.5
m�5:5
m and the length of 30
m 
orresponding to 16:1�rador 0:8�int.The performan
e of CsI was investigated using matri
es of 3� 3 or 5� 5
rystals and the tagged photon beam with energy from E
 = 20 MeV toE
 = 5:4GeV The results 
an be des
ribed by the formula:�E=E = (0:081=E � 1:47=E1=4 � 1:34)%the �rst term due to ele
troni
s noise.The position resolution obtained from the pulse height weighting in the
rystal matrix ranges from 5 mm for the edge to 10mm at the 
rystal 
enter.Averaging over various beam positions we obtain resolution improving from14 mm at E
 = 100 MeV to 3 mm at E
 = 4 GeV. Very similar results forthe energy and position resolution were obtained previously for the ele
tronbeam.Finally the pion misidenti�
ation probability was found to be about 5%at 1 GeV=
 and less than 1% above 2 GeV=
, where the 
alorimeter is theessential tool for ele
tron identi�
ation.The �rst 
osmi
 ray event seen in several BELLE subdete
tors (in
luding
alorimeter) is shown in Fig. 7.
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Fig. 7. Cosmi
 ray event in CDC, ACC, TOF and ECL dete
tors10. Extreme Forward Calorimeter(EFC)The Extreme Forward Calorimeter 
overs polar angle regions (6:2�11:6)Æand (163:1� 171:5)Æ, essential for hermeti
ity, luminosity measurement andtwo-photon physi
s. This is the homogeneous BGO 
alorimeter with 5 
rys-tals in � and 32 in � on ea
h side. The size of 
rystals is 2
m�2
m �12(10)�rad for the forward (ba
kward) end
ap. It was shown that the 
rys-tals survive 10 Mrad with 10% loss of light output while only 0.5 Mrad/yrare expe
ted. Minimum ionizing parti
les are well seen in the 
rystals.It should be noted that there is no spa
e for su
h subdete
tor in theBaBar apparatus be
ause of bending magnets needed to separate the beams.11. Magnet and iron yoke stru
tureThe 1.5T BELLE magnet has useful warm bore of �3:4 m� 4:4 m.The �ux return iron yoke has been installed and instrumented (see Fig. 8)with KLM dete
tor. First 
osmi
 tra
ks de�e
ted in the magneti
 �eld havebeen re
orded in the BELLE dete
tor.
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Fig. 8. BELLE magnet and instrumented iron yoke12. KLM � K0L dete
tion and � identi�
ationThe KLM dete
tor is a 
oarse 
alorimeter measuring only theK0L positionand not the 
as
ade energy. This is su�
ient to identify K0L's from e.g.the B ! J= K0 de
ay thanks to kinemati
al 
onstraints. The KLM alsoredu
es the pion 
ontamination in the muon sample. The muon momenta
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kiare measured in the CDC so the muon energy information is not needed. Itis intended to dete
t K0L's and muons above 600 MeV=
. In addition this
alorimeter in
reases the hermeti
ity of the BELLE dete
tor. Both barreland end
ap KLM's make use of the iron yoke stru
ture with the di�eren
ethat the barrel one has an a
tive layer at the beginning. The a
tive layersare Resistive Plate Counters interleaved with 14 iron layers ea
h 4.7
m thi
kthus amounting to about 4�int. It should be re
alled that � 60% of K0L'swill intera
t already in the EMC.The position a

ura
y was measured with 
osmi
 rays to be about 2
m
orresponding to the angular a

ura
y of about 10mrad. This is well within30mrad needed to identify K0L from the B ! J= K0 de
ay. A single RPCe�
ien
y is � 95% and the longevity is well in ex
ess of 2 years for mostlayers. With these parameters we expe
t to register about 70% of K0L fromthis de
ay. For muons the dete
tion e�
ien
y should ex
eed 80%. Thepion 
ontamination of the muon sample is expe
ted to be below 2% at p >1:5 GeV=
.A 
osmi
 ray muon seen also in KLM is shown in Fig. 9.

Fig. 9. Cosmi
 ray muon in the BELLE dete
tor (in
luding KLM)
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tors the goals set in the Te
hni
al Design Report [4℄have been already surpassed but the problems en
ountered 
aused a 
er-tain delay. The dete
tor has been 
ompleted in De
ember 1998 while the
ommisioning of KEK-B started earlier. In order not to risk the vulner-able dete
tors (SVD and all end
ap parts) a fake dete
tor was insertedinto the interse
tion region for the 
ommisioning. This dete
tor, 
alledBEAST (BEam Exor
ism for A STable experiment) 
onsists of expendableand/or non-vulnerable subdete
tors like proportional tubes, some sili
ondete
tors, some CsI 
rystals, part of EFC, passive radiation dosimeters et
.The BEAST will be used both for ba
kground studies and for luminositymeasurement till early Mar
h. We hope the 
omplete dete
tor to begindata taking in April 1999 and to provide us with a lot of interesting resultslater on.The author is very mu
h indebted to his 
olleagues from the BELLECollaboration, for supplying him with a lot of materials. The hospitality ofKEK and the JSPS fellowship are gratefully a
knowledged.REFERENCES[1℄ L.Wolfenstein, Phys. Rev. Lett. 51, 1945 (1984).[2℄ S.Mele, Indire
t Measurement of the Vertex and Angles of the Unitarity Tri-angle, CERN-EP-98-133, hep-ph9810333.[3℄ Parti
le Data Group, Review of Parti
le Properties, Eur. Phys. Journ. C3, 1(1988).[4℄ M.T. Cheng et al., The BELLE Collaboration, A study of CP violation in Bmeson de
ays, Te
hni
al Design Report, KEK Report 95-1, April 1995.


