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Principle of measurement:

Principle of measurement

eProduce pairs of B mesons, moving in the lab system

eFind events with B meson decay of a certain type (usually B -> fg, -

CP eigenstate)

eMeasure time difference between this decay and the decay of the
associated B (fi,4) (from the flight path difference)

eDetermine the flavour of the associated B (B or anti-B)

eMeasure the asymmetry in time evolution for B and anti-B

Restrict for the time being to B meson production at Y(4s)
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B meson production at Y(4s)
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Cross Sections at 1(4S):

bb~1.1nb

cc~1.3nb
dd,ss ~0.3nb

ut~1.4nb
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Principle of measurement
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BRI ARa

LT

What kind of vertex resolution do we need to measure the asymmetry?

P(B°(B') > fp.t) = (1Fsin(2¢ ) sin(Amt))

N/No

05

5

T=(ta—t1)/7
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Experimental considerations

Want to distinguish the
decay rate of B
(dotted) from the decay
rate of anti-B (full).

-> the two curves should
not be smeared too much

Integrals are equal, time
information mandatory!
(true at Y(4s), but not for
incoherent production)

Peter Krizan, Ljubljana




AR Experimental considerations
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B decay rate vs t for different vertex resolutions in units of
typical B flight length o(z)/Bytc
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i Experimental considerations

Since there are no pure samples of B and anti-B tags, what is really measured
is the probability that the tagging B is a B or an anti-B.

Denote with x: variable between —1 (tag=anti-B) and +1 (tag=B) and the
probability that the tag is wrong with w(x)

Probability density function for an event with t and x is

f(tow, A)dodt = e [1 + ¢ () Asin Amdt] n(x)dadt

with A=CP asymmetry (e.g. sin2¢,), q(x)=1-2w
Taking into account the finite vertex resolution, we arrive at

ft.a, A o) dedt = V (5 eI [1 + ¢ () Asin Amt’) n(x)dt’ | dadt

1(1{
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Experimental considerations
This can be rewritten as

ft,x, Ayo)dadl = [E (1) + Ag (x) S (0)] n(x)dadt

E(t) = j ._1 c_r_%({‘_’_:f)‘cr_l‘|"’|dt’;
1

S(t) = / T ' ("_‘) e~ sin Ami'dt’.
N LTTOy
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i Experimental considerations

The log-likelihood function is a sum over all reconstructed and tagged
events

N N
L =] f(tizi o) = Inf(t;,zi A o)
i=1

1=1

N N
In ] f (i, 2, A,00) =D In[(1+ Ag(x) S (1) /E (1)) E (1) n(x)]
i=1 i=

1i=1

= i In(1+Ag(x)S ) /L) +C.
i=1

i\! ot
= Ing = > In (1 + ;1(%5)
i=1
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Experimental considerations

Error on the asymmetry
parameter A can be

evaluated in the 1 gl 1 (Of 2
standard way: — =N ]—1 ]_ 7 (d—fl) n(a)dtda

|

Jo

<q"3> = /;ll ¢ (x) n(x)dz

Use f(t,x,A,cp) to get o,

Ty~

1
ey} ] .
\/ J= _‘i_ (t)dt
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N . . .
ERE Experimental considerations
T e

Final expression for the asymmetry error (error on sin2¢,) as
a function of vertex resolution and wrong tag probability

go(A, Am/1', o))

oald, Am/L o Now) = T o)

N: number of reconstructed events,
¢: tagging efficiency
w: wrong tag probability
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Experimental considerations

Error on sin2¢,=sin2p as function of vertex resolution in
units of typical B flight length (z)/Bytc

For 1 event for 1000 events
§ error for 1 event y 025

:- ‘T E error lor 1000 events

E including diluti %“ "

E * E.ll.]

- i ing diluti
perfect togging o .
.l perfect tagging
00s

o
o 025 05 075 1 125 LS LTS 2 225 15
sigma dz / mean flight path

» A T S OO A DO P -
¢ 025 05 a7s 1 128 L5 L7 2 228 25
sigma dz / mean flight path
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i Experimental considerations

Choice of boost By:

Vertex resolution vs. path length

Typical B flight length: z;=pytc

Typical two-body topology: decay products at 90° in cms; at
0=atan(1/pBy) in the lab

Assume: vertex resolution determined by multiple scattering
in the first detector layer and beam pipe wall at r,,

c,=15 MeV/p v/(d/sinoX,)

o(z) = ryo,/sin?0

B o(z) ary/sin®/20

1 of Tokyo Peter Krizan, Ljubljana




Choice of boost By:

Vertex resolution in units of
typical B flight length

Experimental considerations

Bytc/o(z)

]
i° =
Boost around py=0.8 seems I, \
optimal
However....
By
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i Experimental considerations
[r ] (L]
Which boost... 02

Arguments for a smaller boost:

e Larger boost -> smaller
acceptance ->

e Larger boost -> it becomes
hard to damp the betatron
oscillations of the low energy
beam: less synchrotron
radiation at fixed ring radius
(same as the high energy
beam)
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Five fold acceptance
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Figure 4. The acceptance of a detector covering

" |cosBiap| < 0.95 for five uncorrelated particles as

a function of the energy of the more energetic
beam in an asymmetric collider at the T(4S).




Experimental considerations

Detector form: symmetric for symmetric energy beams; extended in
the boost direction for an asymmetric collider.

cms lab

Exaggerated
plot: in reality
By=0.5

Timn-al Fligh1 Sointliasm.
REC Cundrupaies A

ACC

17°
--’i’ . 35 GQV
'E| CLEO ¢
} BELLE il-i
' Course at Univers
i How many events?
[ ]

Rough estimate:

Need ~1000 reconstructed B-> J/y Kg decays with  J/y -> ee or
py, and Kg-> wt -

/2 of Y(4s) decays are B? anti-B? (but 2 per decay)
BR(B-> J/y K°)=8.4 10+

BR(J/y -> ee or pp)=11.8%

2 of K are Kg, BR(Kg-> 7 7)=69%

Reconstruction effiency ~ 0.2 (signal side: 4 tracks, vertex, tag side
pid and vertex)

N(Y(4s)) = 1000/ (2 * 2 * 2 * 8.4 104*0.118 * 0.69 * 0.2) =
=140 M
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How to produce 140 M BB pairs?

Want to produce 140 M pairs in two years
Assume effective time available for running is 107 s per year.
-> need a rate of 140 106/ (2 107s) = 7 Hz

Observed rate of events = Cross section x Luminosity d_N: Lo
dt
Cross section for Y(4s) production: 1.1 nb = 1.1 1033 cm?
-> Accelerator figure of merit luminosity has to be
L=6.5/nb/s = 6.5 103 cm2s1
This is much more than any other accelerator achieved before!
June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana
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AR Colliders: asymmetric B factories

Mt, Tsukuba

Belle.

~1 'km, in di(ln-tefer-

, Vs=10.58 Gev B _
e e~ 4. ......... »: Az ~ cByt
— Y(45) —— Y (4s) —— = Prg

— B |~ 200um

BaBar p(e)=9 Gev p(et)=3.1 Gev By=0.56

Hath Rings Haused in Cusrest PEP Tunnel

Belle p(e’)=8 Gev p(et)=3.5 Gev By=0.42
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fmiim]  Accelerator complex: KEK-B
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L
i Accelerator performace
T e

Observed rate of events = Cross section x Luminosity

N =Lo
dt

Accelerator figures of merit: luminosity £

and integrated luminosity lint =Il(l‘)dl‘

Records:

Lpeak = 16.27/nb/sec (Dec 19, 2005) (=1.627x1034 s 1lcm2)

Ling= 603.852/fb (June 4, 2006)

>600 M BB pairs
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Accelerator performance
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L2\ .
iR Accelerator performance until autumn 2004
[ ]
3.5GeV on 8.0 GeV = 3.1 GeV on 9.0 GeV
v B =0.425 v B =0.56
Integrated Luminosity (logged)
I I 1 [ I > BABAR '
- 200 — P-ll Delivered 253.550b |
'ﬁ l 180 | EiBAH Recorded 244.06/1b
et = BABAR off-peak 22 68/
g wof 1l
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E Z 80}
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5 electrical accident halted machine on
JI:L(t)dt = 434fb~" on May 18 Oct. 11th (254 fb ~!) — restarted in April
pear (MAX) = 1.58 x 10% em 57! after SLAC/DOE safety review
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Accelerator performance: Typical “"Good Day
at KEKB in 2002
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IR Accelerator performance: just a day at KEKB in 2005
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Normal injection Continuous injection
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Accelerator performance: status as of this Sunday
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Interaction region: BaBar

Head-on collisions
PEP-Il Interaction Region

June5 _ ljana
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R Interaction region: Belle
Collisions at a finite angle +-11mrad
KEKB Interaction Region
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Belle spectrometer _,.:
at KEK'B BELLE

pand K; detection system s N Aerogel Cherenkov Counter

8GeVe _—. 4 — QL . (Csl crystals)

Central Drift Chamber

1.5T SC solenoid
ToF counter
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A BaBar spectrometer
FERAEEH
= at PEP-II -

EMC
6580 Csl(TI) crystals
15T solenoid e* (3.1GeV)

DIRC (PID)
144 quartz bars
11000 PMs <]

Drift Chamber
40 layers

e (9GeV)
il

Silicon Vertex Tracker

Instrumented Flux Return 5 layers, double sided strips

iron / RPCs (muon / neutral hadrons)
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Flavour tagging

Was it a B or an anti-B that decayed to the CP eigenstate?

Look at the decay products of the associated B

e Charge of high momentum lepton

v

June 5-8, 2006

J

Course at University of Tokyo

v

c

A 4
v

W+ e+
<
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Flavour tagging

Was it a B or anti-B that decayed to the CP
eigenstate?

Look at the decay products of the associated B

e Charge of high momentum lepton
e Charge of kaon
e  Charge of ‘slow pion’ (from D*->Dn decay)

Charge measured from curvature in magnetic field,
need reliable particle identification

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana

BRI ARa Requirements: Particle Identification

#oo 1 Tagqing Koons | Tagging Kaons |

Relatively soft,
ms dominated
for tracking

o a5 W2z 25 3 35 4 45 5
Kaoa Momentum Ge¥/c
20 i~ | B >an |
150 B m itk jlr’Lanl
100 £ JI Requires
50 dedicated PID
0 1 i) ] TETEY FYET1 CHTT1 P
o 05 15 2 15 3 35 4 45 5

Fion Momenturn GeV/c

m; 8= DK sy |B—)DK|

200 F

Requires
dedicated PID

Wwo

p B e tinad e el b Tl el
a (L) 1 1.5 Fi 25 3 A5 4 45 3
Kaon Mamantum Gev/e
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Requirements: Photons

20000 Fill N
Generic 80 decay g .F O\~ ]
15000 gk | \ *
S t . 0
t 08 | ) NG
10000 | q D osf \ -
= \ s
5000 F 1 6 osf s
0 ":q 02 — e
800 ] @
[N o
600 L O T T e e B
400 . Minimum photon energy [MeV]
200 E
0
5
Photon energy [GeV]
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BRI ARa Photons in the lab system
[ ]
Derector PROTRACTOR - 'S
ROAR Asies a POLAR ANGLES

«zz,»
m“@\:“@@ 7 s 8 _-3- %

350mrad

. W )
9 GeV on 3.109 GeV \ Babar / Y(4S) Py=0.56 Or,

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana

19



Another requirement: measure both
b-> ¢ anti-c s CP=+1 and CP=-1 eigenstates

a, =-Im(4, )sin(Ami) yi

Asymmetry sign depends on the CP parity of
the final state fep, Nep=+-1 ' p Afc,,

JvKs () CP=-1
o]/y: P=-1, C=-1 (vector particle JP°¢=1-): CP=+1

oK (->n* m): CP=+1, orbital ang. momentum of pions=0 ->
P(n* n)=(n=n*), C(n n*) =(n* )

eorbital ang. momentum between J/y and K¢ I=1, P=(-1)!=-1

J/w K (3n): CP=+1
Opposite parity to J/y Ks (=" ), because K (3=) has CP=-1

-> need K, detection

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana

p* electrode

] g
s //‘

'. —-aleciroﬁ:.
/< electrode

Two coordinates measured
at the same time; strip pitch:
50 um (75 pm); resolution
about 15 um (20 pm).

particle
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Silicon vertex detector (SVD)

4 layers covering polar angle from 17 to 150 degrees

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana

L

e 4E{r| Tracking: Belle central drift chamber

LT

50 layers of wires (8400 cells) in 1.5 Tesla magnetic field
eHelium:Ethane 50:50 gas, Al field wires, CF inner wall with
cathodes, and preamp only on endplates

eParticle identification from ionization loss (5.6-7% resolution)

=i 1 s M oy 0»190/0 X% Pr @ 0‘30%}
. I
150+, = T = s L
& _ 15 layers:
[ > 8.8-22.4
T { - cm radius
=
Interaction Point
y Backward
L— x
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Tracking: BaBar drift chamber

40 layers of wires (7104 cells) in 1.5 Tesla magnetic field
Helium:Isobutane 80:20 gas, Al field wires, Beryllium inner
wall, and all readout electronics mounted on rear endplate

Particle identification from ionization loss (7% resolution)

-\

oY

R
5%
]

E_—%

Identification

Hadrons (=, K, p):

e Time-of-flight (TOF)

e dE/dx in a large drift chamber

e  Cherenkov counters

K_: chambers in the instrumented magnet yoke

Electrons: electromagnetic calorimeter

Muon: chambers in the instrumented magnet yoke

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana
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Identification with dE/dx measurement

dE/dx performanceina , .
large drift chamber. *

Essential for hadron .
identification at low
momenta.

BRI ARa Cherenkov counters

Essential part of particle identification systems.
Cherenkov relation: cos6 = ¢/nv = 1/Bn

Threshold counters --> count photons to separate
particles below and above threshold; for § < B, = 1/n
(below threshold) no Cerenkov light is emitted

Ring Imaging (RICH) --> measure Cerenkov angle and
count photons

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana
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A ’.‘ﬂj =] Belle ACC (aerogel Cherenkov counter): ol 2

| C | threshold Cerenkov counter Lo

OELLE

K (below thr.) vs. = (above thr.): adjust n

aerogel n=1,010

normalized photon yield

measured for 2 GeV < p < 3.5 GeV
yield vs p expected, measured ph. yield

o
o 05 1 L5 2 25

T Gevie) e 1 =
Detector unit: a block of aerogel 0.9 n=1.010 (A)
and two fine-mesh PMTs 508 e K
Finemesh PMT Aluminum container §0_7 AT
Asrogel E_‘:G'ﬁ hi’to:“c
~ Goretex =05
fk S04
[' ~ I’; Finemesh PMT 0.3
N g 0.2
0.1
Course at U u 0 10 20 30 4:0'

ﬁﬁﬁ Belle ACC (aerogel Cherenkov counter): [l 4
[T threshold Cherenkov counter

O

K (below thr.) vs. = (above thr.): adjust n for a given

angle kinematic region (more energetic particles fly in
the ‘forward region’)

|
¥ pvs. 0
.
a
I : rel ACC =112 TOETSC
] » fomod.
B ! n=tate /'/
. e s s e \ \ ._ = Endcap ACC
- §0 9 Z’vs‘ S pzro30
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- 2% u-rurf_,_-f
.l nvs. 0 b
=== |
o - - - - - ] - - -
poker anghe in the lnb
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DIRC: Detector of Internally
Reflected Cherekov photons

Use Cherenkov relation cos6 = ¢/nv = 1/fn to determine velocity
from angle of emission

DIRC: a special kind of RICH (Ring Imaging Cherenkov counter)
where Cerenkov photons trapped in a solid radiator (e.q. quartz)
are propagated along the radiator bar to the side, and detected as
they exit and traverse a gap.

PHOTON DETECTOR

/ WATER
RADIATOR S TANK
(/ TRACK
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DIRC event

Babar DIRC: a Bhabha event et e --> et e-

4
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[ DIRC performance
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To check the performance, use kinematically selected
decays: D** -> n+ DO, DO -> K- r+
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PID coverage of kaon/pion spectra

Tagqing Kaons | Tagging Kaons |

ACC barrel

E/dx
TOF
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(i Calorimetry Design

LT

Requirements

*Best possible energy and position resolution: 11 photons per Y(4S) event;
50% below 200 MeV in energy

eAcceptance down to lowest possible energies and over large solid angle
eElectron identification down to low momentum

Constraints

*Cost of raw materials and growth of crystals

*Operation inside magnetic field

eBackground sensitivity

Implementation

Thallium-doped Cesium-Iodide crystals with 2 photodiodes per crystal
Thin structural cage to minimize material between and in front of crystals

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana

28



Calorimetry: BaBar

6580 CsI(TI) crystals with
photodiode readout

About 18 X,, inside solenoid
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1]
A Muon and K detector

Separate muons from hadrons (pions and kaons): exploit the fact
that muons interact only e.m., while hadrons interact strongly > need a
few interaction lengths (about 10x radiation length in iron, 20x in CsI)

Detect K, interaction (cluster): again need a few interaction lengths.

Some numbers: 3.9 interaction lengths (iron) + 0.8 interaction length (CsI)
Interaction length: iron 132 g/cm?, CsI 167 g/cm?
(dE/dX) min: iron 1.45 MeV/(g/cm?), CsI 1.24 MeV/(g/cm?)

> AE ;, = (0.36+0.11) GeV = 0.47 GeV -> reliable identification of muon
above ~600 MeV

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana
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Muon and K detector

Up to 21 layers of resistive-
plate chambers (RPCs)
between iron plates of flux
return

Bakelite RPCs at BABAR
Glass RPCs at Belle

(better choice)

June 5-8, 2006 Course
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Muon identification >800 MeV/c

Muon and K detector
performance

efficiency fake probability
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Fig. 110. Fake rate vs. momentum in KLM.
Fig. 109, Muon detection efficiency vs. momentum in KLM.
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far Muon and K detector
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Fig. 107, Difference between the neutral  cluster and  the

direction of missing momentum in KLM.
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