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Flavour physics

B factories main topic: flavour physics

... 1S about
e quarks

and
e their mixing
e CP violation
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Flavour physics and CP violaton

Moments of glory in flavour physics are very much related to CP violation:
Discovery of CP violation (1964)

The smallness of K, — u*u~ predicts charm quark

GIM mechanism forbids FCNC at tree level

KM theory describing CP violation predicts third quark generation

Am, = m(K;) — m(Ks) predicts charm quark mass range

Frequency of BOBO mixing predicts a heavy top quark

Proof of Kobayashi-Maskawa theory (sin2¢, =sin2p3)

Tools to find/constrain physics beyond SM: search for new sources of
flavour/CP-violating terms
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CP Violation

Fundamental quantity: distinguishes matter from anti-matter.

A bit of history:

First seen in K decays in 1964

Kobayashi and Maskawa propose in 1973 a mechanism to fit it
into the Standard Model = had to be checked in at least one
more system, needed 3 more quarks

Discovery of B anti-B mixing at ARGUS in 1987 indicated that the
effect could be large in B decays (1.Bigi and T.Sanda)

Many experiments were proposed to measure CP violation in B
decays, some general purpose experiments tried to do it

Measured in the B system in 2001 by the two dedicated
spectrometers Belle and BaBar at asymmetric ete" colliders -
B factories
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What happens in the B meson system?

Why is it interesting? Need at least one more system to
understand the mechanism of CP violation.

Kaon system: not easy to understand what is going on
at the quark level (light quark bound system, large
dimensions).

B has a heavy quark, a sm

t m

interpreting the ex

First B meson studies were carried out in 70s at ete

colliders with cms energies ~20GeV, considerably
above threshold (~2x5.3GeV)
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Isolate samples of high-p;

leptons (155 muons, 113 electrons)
Wl‘t th I‘USt aXiS lepton

Measure impact parameter 0
wrt interaction point

secondary
decay ver

Lifetime implies: V_, small
MAC: (1.84+0.6+0.4)ps
Mark II: (1.2+0.4+0.3)ps

Integrated luminosity at
29 GeV: 109 (92) pb1~3,500 bb pairs

x103
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B mesons: long lifetime
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Systematic studies of B mesons: at Y(4s)

Y States =

T (4S) Energy Scan
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Cross Sections at Y(4S):
bb~1.1nb
cc~13nb

dd, ss ~0.3nb
uu~1.4nb

Ecm —Myus

ee —Y(4S)-> BB
L =1 state
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80s-90s: two very successful
experiments:

*ARGUS at DORIS (DESY)
*CLEO at CESR (Cornell)

Magnetic spectrometers at ete
colliders (5.3GeV+5.3GeV beams)

Large solid angle, excellent
tracking and good particle
identification (TOF, dE/dx, EM
calorimeter, muon chambers).

Systematic studies of B mesons at Y(4s)

(&
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Mixing in the BY system

T(4S)—pB'g®
L
Reconstructed Bl —D; v,
event '
Yo = 0.17+0.05

ARGUS, PL B 192, 245 (1987)
cited >1000 times.

Time-integrated mixing rate: 25 'Iike sign, 270 opposite sign dilepton events
Integrated Y(4S) luminosity 1983-87: 103 pb1 ~110,000 B pairs
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Mixing in the BY system

_ - Am
U, C, 1
b | | d
2,02 6,2
7o 1 —0 w Via|"my o< APmyg
I I B * 2,2 6,2
10, 3 Veal"mZ o A°mz
u,c,t

Large mixing rate = high top mass (in the Standard Model)

The top quark has only been discovered seven years later!
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Systematic studies of B mesons at Y(4s)

ARGUS and CLEO: In addition to mixing many important discoveries or
properties of

* B mesons
* D mesons
* v~ lepton

- and even a measurement of v, mass.

After ARGUS stopped data taking, and CESR considerably improved the
operation, CLEO dominated the field in late 90s (and managed to

compete successfully even for some time after the B factories were
built).
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Studies of B mesons at LEP

90s: study B meson properties at the Z% mass by exploiting

e[ arge solid angle, excellent tracking, vertexing, particle
identification

eBoost of B mesons - time evolution (lifetimes, mixing)

eSeparation of one B from the other - inclusive rare b>u

Ljubljana



Studies of B mesons at LEP and SLC

02-95 data

B = anti-B% mixing, time
evolution

Fraction of events with like
sign lepton pairs

 DELPHI

Almost measured mixing in the B, system (bad luck...)

Large number of B mesons (but by far not enough to do the
CP violation measurements...)
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Mixing - expect sizeable CP Violation
(CPV) in the B System

CPV through interference of
decay amplitudes

R0 A >
CPV through interference of CP
mixing diagram \ /
5210y A
R0 AD

CPV through interference

between mixing and dec
amplitudes ’ év\ Directly related to CKM

parameters in case of a single
amplitude
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Golden Channel: B 2 J/y K¢

Soon recognized as the best way to study CP violation in
the B meson system (I. Bigi and T. Sanda 1987)

Theoretically clean way to one of the parameters (sin2¢,)

Use boosted BBbar system to measure the time evolution
(P. Oddone)

Clear experimental signatures (J/y 2>utu-, ete-, Ki>nn)
Relatively large branching fractions for b->ccs (~10-3)

- A lot of physicists were after this holy grail



BELLE
1999

Primary Goal

Precision measurementsiof
charged weak interactions
as a fest of the CKM sector
of the Standard Model and a
probe of the origin of the
CP violation




Time evolution in the B system

An arbitrary linear combination of the neutral B-meson flavor
eigenstates B
a/B°)+b|/B”)
is governed by a time-dependent Schroedinger equation

EAR ey
dtib) \b 2 (b

M and I" are 2x2 Hermitian matrices. CPT invariance >H,;=H,,

M M M, e I I,
M, M) I, T diagonalize >
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Time evolution in the B system

The light B, and heavy B, mass eigenstates with

eigenvalues m,,I',,m I}
B,)=p|B°)+0
B, )= p|B°)—c

are given by
B°)

B°)

With the eigenvalue differences
Amg=m, —-m Al =1, -1}

They are determined from the M and I matrix elements
1 o 1 2
(AmB)2 _Z(AFB)2 :4(“\/'12‘ _Z‘Flz‘ )

AM_ AT, =4Re(M,,T,, )
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The ratio p/q is i i
AmB _EAFB 2(M12 _Erlz )

| i
P 2(M12_§ 12) Amg _EAFB

What do we know about Amg and AI'g?
Amgz=(0.502+-0.007) ps well measured

AI'g/T'g not measured, expected O(0.01), due to decays
common to B and anti-B - O(0.001).

2> Al'g << Amg

Peter Krizan, Ljubljana



Since Al'y << Amg AL — Z\M ‘
B 12

AT, =2Re(M,I3,) /My,

and
M
4q_ _‘ 12‘ = a phase factor
P M,
or to the ﬂ:_‘Mlz‘ 1_£|m Ly,
next order P M, 2 1
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BY and B° can be written as an admixture of the states B, and B,

)= (B)+[8)

B8%)=—(B,)-|B.))

2
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Time evolution

Any B state can then be written as an admixture of the states B,, and B,
and the amplitudes of this admixture evolve in time

aH (t) _ aH (O)e—iM Hte—FHtIZ

aL (t) _ aL (O)e—iM Lte—FLt/Z
A BO state created at t=0 (denoted by B°_, .) has

a,(0)= a(0)=1/(2p);
an anti-B at t=0 (anti-B°,, ) has

ay(0)=-a,(0)=1/(2q)

phys

At a later time t, the two coefficients are not equal any more because of the
difference in phase factors exp(-iMt)

—initial B? becomes a linear combination of B and anti-B
—>Mixing
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Time evolution of B’s

Time evolution can also be written in the B in B° basis:

phys(t)> d. (t)‘|30>+(q/p)g (t) §O>
By, (1) =(p/Q)g (1) B®)+ 9, (t)B°)

with g, (t)=e™e"* cos(Amt/ 2)
g (t)=e™e"*isin(Amt/2)

M = (M,+M,)/2
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If B mesons were stable (I'=0), the
time evolution would look like:

g, (t) =e™ cos(Amt/2)
g_(t) =e™isin(Amt/2)
—>Probability that a B turns into its anti-particle ~beat

2 _ |

_ 2 _
<B°‘thys(t)>‘ =|q/ p|2|g_(t)| _|q/p|23|n2(Amt/2)
—>Probability that a B remains a B

2
‘<BO‘ B orys (t)>‘ = g+(t)\2 =cos*(Amt/ 2)

> Expressions familiar from quantum mechanics of a two level system



B mesons of course do decay =

1.0
N/No |

05

BO at t=0
Evolution in time
eFull line: BO

edotted: BY

T: in units of T=1/T
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Decay probability

2
Decay probability P(B° > f ,t) ‘<f ‘H‘ thys(t)>‘
Decay amplitudes of B and anti-
B to the same final state £ Aq =(f[H ‘ BO>
Ar = <f ‘H ‘ §O>

Decay amplitude as a function of time:
(f|H|Bg () =g, (t)(f[H|B®)+(a/ p)g_(t)(f |H|B®)
=g, (A +(a/ p)g_(t) A

... and similarly for the anti-B
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CP violation: three types

Decay amplitudes of B and anti-B A — < f ‘H ‘ BO>
to the same final state f f
Ar =(f|H|B")
. g A
Define a parameter A A=——
p A

Three types of CP violation (CPV):
2P in decay: |A/A| = 1
IA] = 1

P in mixing: |qg/pl|l = 1

2P in interference between mixing and decay: even if
IA] =1 if only Im(A) = O
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CP violation in the interference between decays
with and without mixing

CP violation in the interference between mixing and decay
to a state accessible in both B® and anti-B° decays

For example: a CP eigenstate f, like t" 7t~

Ap
BV i
CP
21 Oy —
S — A _
B X 1-9A
p A
We can get CP violation if Im(A) = 0, even if |A] = 1
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=  CP violation in the interference between decays
L i with and without mixing

Decay rate asymmetry: P(B° —» f.,,t)-P(B° = f_.,1)
d; =—=
fep P(BO —> fCP’t)+ P(BO —> prst)

2
Decay rate: P(B° = f.p,t) OC‘ cp ‘H‘ ohys (t)>‘

Decay amplitudes vs time:

(fep [H|Bos (1) = 9. (1){ fep [H|B®)+(a/ p)g_(t)( fep |H|B®)
=g, (DA, +(a/P)g_(D)Ar

(fep [H|Bpe () = (p/a)g_(1)( fep |H|B)+ g, (t)( fcp |H|B®)
=(p/A)g_(t)A,_ +9,()Ar,
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_P(B? - fg,t)—P(B” - fg,t)

d, = — =
e P(BY > o, )+ P(BY > fo,t)

(p/a)g (A, +9. [1)Ar,

2

9. (A, +(a/ p)g_(t)Ax,

(p/a)g_(H)A, +9, 1) A,

@2

fep |

2

?Ycos(Amt) —2Im(A

_|_

fep

g.(t)A,_ +(a/ p)g_(t)Ax,

)sin(Amt)

1+ | Ai
= C cos(Amt) + S sin(Amt)

|2

Non-zero effect if Im(A) = O,

even 1f |[A|] = 1

If Al =1 >

a;  =-—Im(4)sin(Amt)

Detailed derivation = backup slides Peter Krizan, Ljubljana



with and without mixing

One more form for A q A q A

ﬂ/ p— —
fep p A nfcp p A

fop

fop

nfcp=+-1 CP parity of fep

- we get one more (—1) sign
asymmetries in two states wi

en comparing
opposite CP parity

a;  =-Im(4; )sin(Amt)

fep

Peter Krizan, Ljubljana
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B and anti-B from the Y(4s)

B and anti-B from the Y(4s) decay are in a L=1 state.

They cannot mix independently (either BB or anti-B anti-B states are
forbidden with L=1 due to Bose symmetry).

After one of them decays, the other evolves independently ->

-> only time differences between one and the other decay matter
(for mixing).

Assume
eone decays to a CP eigenstate f., (e.g. nrw or J/yKs) at time t; and

ethe other at tg,, to a flavor-specific state f,,, (=state only accessible
to a B? and not to a anti-B° (or vice versa), e.g. B® -> D%, DY ->Kr*)

also known as ‘tag’ because it tags the flavour of the B meson it
comes from
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Decay rate to fp

Incoherent production coherent production
(e.g. hadron collider) at Y(4s)

N/ | | e

d 0.5}
05 =

0.0 2.0 4.0 T—t/r 6.0

At Y(4s): Time integrated asymmetry = 0
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CP violation in SM

consequence of the
Cabibbo-Kobayashi-Maskawa
quark mixing matrix V..

Vud Vus Vub
Vekm = Vea Ves Ve
Via Vis Vi
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pe CKM matrix

L

Transitions between members of the
same family more probable
(=thicker lines) than others

—->CKM: almost a diagonal matrix,
but not completely >
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—->CKM: almost real,
but not completely!

& ]




CKM matrix

Almost a real diagonal matrix, but not completely -

Wolfenstein parametrisation: expand in the parameter
A (=sin6.=0.22)

A, p and n: all of order one

2 A
( 1—% A AL (p—in)
22
V = —A 1—? AN +0(1")
AV(-p—in) —AX 1
\ )

Peter Krizan, Ljubljana



Unitary relations

Rows and columns of the V matrix are orthogonal

Three examples: 1st+2nd 2nd43rd {st43rd columns

V V. +V V. +V V., =0,
V.V, +V .V, +V.V, =0,

us

V4V Y, Ve +thth =0.

Geometrical representation: triangles in the
complex plane.
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Unitary triangles

/ (a)

Vudvus* +Vcdvcs* +thvts* = O’
V.V, +V.V, +VV, =0 —

us ¥ ub cs'ch

VidVio VeV +VigVyp =0. }
O,
702 {E}} T204A4

All triangles have the same area 1/2 (about 4x10~)

2 =
J =C;,C,3C35,,5,35;3 SIN O Jarlskog invariant
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Unitarity triangle

THE unitarity triangle:

VudV b 4V chb* +thth* =0

A
Vv, A
VudVuo VodVip £ 19 ViaVib
V.V * Ved Veb| : |vccivgb|
_ — cd “cb |
p=¢ =arg « |
ViaVis |
V..V 0 ' >
;/E%Earg( W \=g-a-L 0 P 1
VCdVCb 7-02 (b) 720445
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b decays

ds w :
free . QCD penguin
b Vq3b M
> . _ V
V¥ q2q1 a, d
W..
b a
qu
Z,y \
EW penguin 92
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Decay asymmetry predictions — example =+ =~

_TETE u E ATETE
b v, / b v*u/
=W Wy
V*ud < ) V4 <
d (a/p) A/A d
A = n th th ] Vud Vub] .
ViVie | VuaVio a=¢, =arg ViV .
Im(4_,) =sin 2¢, ViaVin

N.B.: for simplicity we have neglected possible penguin amplitudes
(which is wrong as we shall see later, when we will do it properly).
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p My,
Amg =2|M,,
Am o
B V*tb th d_
| 7+ |
3O —0
| B : ‘2m ~ \6m
| ¢ ] b Ved me
d v o > )
td tb
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Decay asymmetry predictions — example J/yKs

b » ccs: | Take into account that we measure the w* 7
component ofK; - also need the (q/p), for the K

system
; A/A
«a/p) (a/p)«
l _ th th Vcs Vcb Vcd *Vcs _
GERC (EVAVIES EVEVIRE VRV BN
th ¥ td cs cb cd " cs

tb ¥ td cb cd
IM(A,,) = Sin 24 Beg arg[vcdvcb:J
thth
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b > canti-cs
CP=+1 and CP=-1 eigenstates

a;_ =-—Im(4;_)sin(Amt) X
Asymmetry sign depends on the CP parity of ) . q fep
the final state fop Mgp=+-1 fep 77fCP A

fep

J/w Kg (n+ n): CP=-1
oJ/y: P=-1, C=-1 (vector particle J?¢=1-): CP=+1

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

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

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

Peter Krizan, Ljubljana



How to measure CP violation?

Principle of measurement
Experimental considerations
Choice of boost
Spectrometer design

Babar and Belle spectrometers

Peter Krizan, Ljubljana



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 -> f -
CP eigenstate)

eMeasure time difference between this decay and the decay of the
associated B (fi,,) (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)

Peter Krizan, Ljubljana



B meson production at Y(4s)

T (4S) Energy Scan

- PEP-11

25 L ) B B R B
2,0 nas) Y\ States = |
ER (bb) resonances |
=R ER ]
= b Y(2S) ]
=
T 10F o s Y(3S)

K5} [ ‘J' . oy .
+ | 4 ) ol
2 st g b R
L + N L] »
© + tﬁ—{ #%ﬂ !-ti-h.¢ PR, '.J,rt -
0 TR T T B SR T T A T N P T T T T N N [ N1 T T N R B R
944 946 1000 10.02 10.34 10.37 10.54

Mass ( GeV/c? )

Cross Sections at Y(4S):
bb~1.1nb
cc~13nb

dd, ss ~0.3nb
uu~1.4nb

[ BABAR

Off
yt

=

-50 4]

4

Ecm —Myus

ee —Y(4S)-> BB
L =1 state
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Principle of measurement

+

. — s Fully reconstruct decay
B or B 1/ s _:>to CP eigenstate

Bep | 00 T
fu? ----- -C‘ I‘D____.plr::........'.(. ........ <ﬂ:+ ""' i Tag -F-I avor
S Wi, e : ............. S ____________ 1 of other B
>_ Bta | T, _1.’:0’/' K_ from

~ g: At=Az/BycC e charges
determined+ === === gl mE . of typical
BO(BY) _ T decay

Determine time between decays products
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Experimental considerations

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

P(B°(B") — f.p,t) =e " (LFsin(24,)sin(Amt))

Want to distinguish the
decay rate of B

: (dotted) from the decay
N/No | rate of anti-B (full).
-> the two curves should
not be smeared too much

05}

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

Peter Krizan, Ljubljana



Experimental considerations

B decay rate vs t for different vertex resolutions o(z) in units
of typical B flight length ByzcC

c(z)/Byrc=0.5

-4 -2 2 4

o(z)/Bytc=1 o(z)/pyrc=2 16

1.4 -

1.2 -

0.8 -

0.6 -

0.4 -
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Experimental considerations

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

for 1000 events

-
-l
k-2t

error for 1000 events

=]
b

w

osymmelry error

including dilutio

perfecl togging
005

ﬂ '] Il Il '] 'l i 'l Il i
o 25 E 0TE 1 125 L® LT 2 2,15 L%
sigma dz / mean flight path

=




Experimental considerations

Choice of boost y:
Vertex resolution vs. path length
Typical B flight length: z;=pyzc

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

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

Pl

P |r0

Z A m) c(z) ary/sin>’20

c,=15 MeV/p y/(d/sinoX,)
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Experimental considerations

Choice of boost By:
Optimize ration of typical B Bytc/o(z)

flight length to the vertex
resolution i i
[
Bytc/o(z) o By sin>/26(By)
Boost around By=0.8 seems
optimal
However.... S

Peter Krizan, Ljubljana



Which boost...
Arguments for a smaller boost:

Larger boost -> smaller
acceptance ->

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)

Five fold acceptance

Experimental considerations

0.3
. Snowmass 1988
0,5:

0.5 1

&4 7
0.3 4

Q.24

[a)

-

0.1~ l
v T

8

0.0

T r L T T

10 12 14 16

Positron seam momenium [GeVv/c)

~ Figure 4. The acceptance of a detector covering -

lcos 6145} < 0.95 for five uncorrelated particles as
a function of the energy of the more energetic
beam in an asymmetric collider at the Y {48).

1 ” ”



Experimental considerations

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

cms lab

Exaggerated
plot: in reality

Time-of-Flight Scinfillators

REC Quadrupoles \ Muen Chambers
nnnnn \ Crystal Calarimeter
Drift Chamber | %\ % | Magnet Col .
i 1 i 3 1 Fird 1 T 1y ' 1] 1
2 Nl
:Il T \l \ \ “'.Iu lllllr JII |I[ 'Il: HH‘ % é =
== | f==—= |
S il |||||.... N N ’f*“”i
= \ __f_f . £
\? \ \
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How many events?

Rough estimate:

Need ~1000 reconstructed B-> J/y K¢ decays with  J/y -> ee or
up, and Ke-> -

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

BR(J/w -> ee or uu)=11.8%

/2 of K0 are K¢, BR(Ks-> t+ 17)=69%

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

N(Y(4s)) = 1000 / (V2 * 2 * 8.4 104* 0.118 * %2 * 0.69 * 0.2) =
= 140 M

Peter Krizan, Ljubljana



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 140 109/ (2 10’s) = 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 =6.5103cm2s1

This is much more than any other accelerator achieved before!

Peter Krizan, Ljubljana



Colliders: asymmetric B factories

Belle I E 8%

Based B Factory:

. Js=10.58 Gev

o e :
— Y(4s) « Y(4s)
BaBar p(e™)=9 GeV p(e*)=3.1 GeV fw=0.56
Belle p(e)=8 Gev p(e*)=3.5 GeVv By=0.42

Peter Krizan, Ljubljana
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Interaction region: BaBar

Head-on collisions
PEP-II Interaction Region

Centimeters

Detect-:ﬁr
1 4 1 1 1 1 1 1 1 1 I-I 1 I 1 III 1 1 1
-7.5 -5 -25 0 25
Meters — )

. _ = . _ ljana




Interaction region: Belle

Collisions at a finite angle +-11mrad
KEKB Interaction Region

30—

20}

—
(=]

Centimeters
o

Better background
~; , + |conditions than in
—25 0 head-on collisions!




Belle spectrometer at KEK-B

u and K; detection system

(14/15 layers RPC+Fe) Aerogel Cherenkov Counter

(n=1.015-1.030)

Silicon Vertex De ect
(4 layers DSSD

Electromag. Cal.

_ - - (CsI crystals, 16X,)
8GeVe
N Central Drift Chamber
(small cells, He/C,H;)
\ ToF counter
1.5T SC solenoid

Peter Krizan, Ljubljana



BaBar spectrometer

at PEP-11

e (9GeV) g

EMC
6580 CsI(TI) crystals
+
1.5T solenoid e* (3.1GeV)
DIRC (PID) .
144 quartz bars
11000 PMs
| Drift Chamber
| 40 layers

Silicon Vertex Tracker

Instrumented Flux Return .

iron / RPCs (muon / neutral hadrons)

5 layers, double sided strips

Peter Krizan, Ljubljana



Silicon vertex detector (SVD)

‘ladders’

4 layers covering polar angle from 17 to 150 degrees

Peter Krizan, Ljubljana



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

Peter Krizan, Ljubljana



Flavour tagging

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

Look at the decay products of the associated B

Charge of high momentum lepton
Charge of kaon

Charge of ‘slow pion’ (from D**=> D%xn* and D™ = D9 x
decays)

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

Peter Krizan, Ljubljana



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)

% _ 0.13%x p. + 0.45%

........



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

Peter Krizan, Ljubljana



PID coverage of kaon/pion spectra

Tagging Kaons Tagging Kaons

DIRC

|| ||||||rl-|-|

0 G 1 1.5 z 25 3 3.9 4 4.5 3
Kaon Momentum G&V/ o

B - nn

U IIII|II|I|IIIIIIIIIIIIIlIIIIIIIIIIIIII |r|||||1

i) 0.5 1 1.5 z 5 3 3.3 4 4.3 &
PFion Mcmenturn GaV/c

B > DK

D III|I|1I|I|III IIFIIIIIIIlIIIIIIIII IIIIIII‘III'I!

i G5 1 1.5 2z 25 3 3.8 4 4.5 a
Kaon Momenturn Gev/c
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PID coverage of kaon/pion spectra

Fon .
Tagging Kaons

Tagging Kaons

200

400

S0 ACC barrel

IACC endcap
0 0.5 1 1.5 Z 25 3 3.8 4 4.5 5
Kaon Momentum Geve o

200 B -
150
100
o ACC endcap
Yo 65 1 15 2z 25 3 35 4 45 5
Fion Mementurm GsV/c
o0
L B — K B —» DK
00 £ ACC barrel
D:Illililll L1l LB || IIIIIATgCIIIeIr!alpllllll‘lllili
a [ER 1 1.5 2 258 K] 3258 4 4.5 ]

Kaon Momentumn Geyv/e
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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 § < 3, = 1/n (below threshold) no
Cerenkov light is emitted

Ring Imaging (RICH) counter = measure Cerenkov angle and count

Peter Krizan, Ljubljana



Belle ACC (aerogel Cherenkov counter): [l *q
threshold Cerenkov counter

</[O

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

-
3 aerogel n=1.010
= o
3
",_:3 me
, K
g 0.4
g measured for 2 GeV < p < 3.5 GeV
" expected, measured ph. yield
o [L%-] 1 L3 2 1.5 L A5 ;}{(;;Vf()ﬁ LEH: f =
Detector unit: a block of aerogel 0.9 n=1.010 (A)
=
and two fine-mesh PMTs 0.8 * K
Finemesh PMT Alumi"“m."f,‘.:l';f:iﬂ?’ “:%0‘? A T
0.6 histo:MC
=0.5
504
0.3
0.2
(0.1
()

o 10 20 30 40



Belle ACC (aerogel Cherenkov counter): Pl 4
threshold Cherenkov counter

</[O

K (below thr.) vs. n (above thr.): adjust n for a given
angle kinematic region (more energetic particles fly in
the ‘forward region’)

~

AN LA

¥
bl o
4
L p Vvs. 0
i,i:
: - acrrel ACC n=1.013 TOFITSC
:-: ©n=1.020 n=hNgS ! = <
'sll 240mod. erWOd.
s

g s L nfor K thresh, = momentum of pi from B-pipi

“l nvs. 0

0 I
polar angle ix the leb
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DIRC: Detector of Internally

Reflected Cherekov photons

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

DIRC: a special kind of RICH
(Ring Imaging Cherenkov

counter) where Cerenkov

photons trapped in a solid i
radiator (e.q. quartz) are %
propagated along the radiator o
bar to the side, and detected as

PMT + Base
~11,000
PMT's

Light
Catcher

At

i 17.25 mm Ar
they exit and traverse a gap. /&~ . ]
Track [ /7 Photon Path \
Trajectory ] o \ \
Wedge ’, .
Mirror X, / )/ ‘ oAT Blane—"") \
\ \ ~=[0 Water |

- L -8
: Quamﬂ;‘L Bumm o= /IJ
: = /-Sland off Box (SOB)

7 [
. ; —91 mm-—— ~10mm |

L

4 x1.225 m Bars
glued end-to-end




DIRC event

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

Peter Krizan, Ljubljana



DIRC performance

}'a 1__F T T+f T | T I I I | | IHI

cé L @ —— —f—

o 09 F*

2 0sL * BABAR

YA D sample

P | | i’

8 0.6 ° : : —

N

M :I I | | I T [ [ I:

@ 020 =

% 0.1 [ - I_:

5 F e g z

(=4 O ——. | 1_.|_'_|.—|_._| | I | | | 1=
1 2 3

Momentum (GeV/c)

To check the performance, use kinematically selected decays:
D** = nt DY, DO -> K &+

Peter Krizan, Ljubljana



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) in: iron 1.45 MeV/(g/cm?), Csl 1.24 MeV/(g/cm?)

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

Peter Krizan, Ljubljana



Muon and K, detector

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

Bakelite RPCs at BABAR
(problems with aging)
Glass RPCs at Belle




Example:

event with

etwo muons and a
K,

and a pion that partly
penetrated into the
muon chamber system

Muon and K, detector

BHILE




Muon and K, detector
performance

Muon identification >800 MeV/c
efficiency fake probability

1 I
I _,_—C--._—l—.—"'—f_':.—ﬂ—l—'._ﬂ_.‘.i
ool
T * 0.04
0.75 i v
j +
g( ) +
é 0.5 JJ' % .+. E(TC)
m I + ] 0.02 o ++ |
S A R I | Myt |1 -
0_'"'i”"i""i""i"”i""_ Onlllb?'"1"'}5"'2"'E§"'1
0 0.5 1 1.5 2 2.5 3 - " ” )
P(GeV/e)
P(GeV/c)

Fig. 110. Fake rate vs. momentum in KLM.
Fig. 109. Muon detection efficiency vs. momentum in KLM.

Oct. 15-16, 2008 Liebenzell Workshop 2008 Peter Krizan, Ljubljana



Muon and K, detector
performance

K, detection: resolution in :
direction > or
50F
. 40 -
S
3():— L
% I o
K, detection: also with possible ot 1 . [
with electromagnetic calorimeter :
(0.8 interactin lengths) OIS0 50 050 oo 150
db(deg)

Fig. 107. Difference between the neutral cluster and the
direction of missing momentum in KLM.
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How to measure sin2¢,?

=1

To measure sin2¢,, we have to measure

the time dependent CP asymmetry in
B->J/W K, decays

)sin(Amt) = sin 2¢, sin(Amt)

°l§

a; =-1Im(4

fep

ifCP =1 fep

In addition to B°>J]/W K, decays we can also use decays with
any other charmonium state instead of J/W. Instead of K, we
can use channels with K, (opposite CP parity).



Reconstructing chamonium states

Reconstructing final states X which decayed to several
particles (x,y,z):

From the measured tracks calculate the invariant mass
of the system (i=x,y,2):

M= E) -2 p)°

The candidates for the X->xyz decay show up as a
peak in the distribution on (mostly combinatorial)
background.

The name of the game: have as little background
under the peak as possible without loosing the events
in the peak (=reduce background and have a small
peak width).

Peter Krizan, Ljubljana



Exp 5 Run 272 Farm 5 Event 10889
Eher 8.00 Eler 3.50 Tue Nov 16 23212208 1999

BH F TrgiD O DetVer 0 MaglD O BFfield 1.50 DspVer 5.10
Ptot(ch) 11.0 Etot(gm) 0.2 SVD-M O0CDC-M OKLM-M O

A golden
channel event

10cm




Events/(5 MeV/c?

16000

IIII|IIII|IJII
- Dimuons

| Yield: 63689, £ 309,

| Mean: 30967 0.1 Mevic’

Width: 9.1+ 0.0 KeVic?
6000 -

| Dielectrons

| Yield: 59674. 374,
| Mean: 3095.3+ 0.1 Melc’
Width: 1062 0.1 MeVic’

6000

|:IIIII|III1|IIIII|II

275 3.00 3.25
Dilepton mass |f'3e"-u"."c2}

J/p— ptp=,ete”
o = 9.6(10.7)GeV /c2

Events/(5 MeW/c®’

Events/(5 MaV/c?)

2500 T L I B B B

Dileptons

Yield: 4234.+ 197. i

Y Mean: 3665.34 (Fixed)

2007 4w Width: 181 (Fied)
1500 -
1000 -

500 -

[:| I | | | | | | | | | | | | | | ]

320 340 360 380 4.00

Dilepton mass (GeVlc’)

(28) — | B e Fe—

oy = 12.1GeV / o2

Reconstructing chamonium states

5000 — T T T T ] T
I iy Vield: 6611, 195,
A oy Mean: 414905 MeVc
K Ty Widh: 87204 MeVlc”
S 1o Vield: 1337. 2120, ]
\ }, Mean: 460.6 MeVic* (Constrained]|
1o Width: 9.6 eVlc? (Conslrained) {
3000 - 7
2000 -
1000
Cl | | | | | | | | | | | | | | | |
0.20 030 040 0.50 0.60

v
My, -, (GoVE)

Xecly Xe2 — J Jf- ".-":'" y
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Reconstructing KO

10m T T T T T T T T T T T T
Kg = nrn— -
on = 4.1GeV/c? I
750 -
I T T T T T T T T T T T T T T T T T T T T | Sm | B
30000 |- . -
: | 2501 * h
i | L, i
20000 . i i
[ T Oll | | | | | | | | | | | | | | | |
i | 0.30 0.40 0.50 0.60 0.70
10000 - 7 Dipion mass (GeV/c?)
i | - 0,
[ ] Kg — mVr?
0 - e by L1 ! CTAI - 9-3@'(."—-\;/ C?
0.470 0.480 0.490 0500 0510 0.520

Dipion mass (GeV/c?)
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Reconstruction of rare B meson decays

id

s iy

Gaussian

] ARGUS function

52

5275 13
M, (GeV)

i2r

Reconstructing rare B meson
Gaussian decays at Y(4s): use two
variables,

beam constrained mass M,
and

smooth and known background energy diference DE

= My =By 122 -0 B’

o.d i

T AE (CeV)

AE =% E —Eqy/2

Peter Krizan, Ljubljana



Continuum suppression

T(18) .
i Continuum
s continuum Jet-like €
,j:: 10 r(?\s)
A
9.44 9.4I7 c%).oo 10.|03%:)IO.33 10.3r? CJ?O.EB 10.62
ete” — gg “continuum” (~3x BB) . -
To suppress: use event BB
shape variables spherical  sign

B v

Peter Krizan, Ljubljana



Reconstruction of b-> ¢ anti-c s
CP=-1 eigenstates

1/P(¥xcnd) Ks(K*0) sample (ne=-1)

From 88C(8§)x106 o BaBar 2002 result
N, 600 [ —— 77—
g 0 + i

0
= 400 |- V(25) K :
N XclKS
? i WCKS
= 200 J ) K*0 i
>
i -Background

5.2 3.22 5.24 5.26 5.28 5.3
mus (GeV/c?)
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Principle of CPV Measurement

Flavor-tag decay

more B’s /'

Amplitude is reduced due to <= ( 1-2 W)SI'IIZD

imperfect tagging

Peter Krizan, Ljubljana



Final result

+ q&,=+1 CP is violated! Red points differ

O % qE,=—1 from blue.

=
[

(Npoeo N (N #N,._ )
&
(&)
" 1 " " ] 1

1IN-dN/d(At)

Red points: anti-B° -> f, with
CP=-1 (or B? -> f with CP=+1)

Blue points: B° -> f-, with CP=-1

0 : R S— ="
g0 + _f_ (or anti-BY -> f, with CP=+1)

s I Belle, 2002 statistics
8 6 4 2 0 2 4 6 B8 (78/fb, 85M B B pairs)

Peter Krizan, Ljubljana



Fitting the asymmetry

Fitting function:

“|At)/ 7
€ .
Pag (A) = —- L+q(1-2w,) Im Asin Amt}®R(t)
Miss-tagging probability Resolution function:
from self-tagged events
B—D*lv, D=, ...

g=+1 or =-1 (B or anti-B on the tag side)

Fitting: unbinned maximum Tikelihood fit event-by-event

Fitted parameter: Im(L)

Peter Krizan, Ljubljana



More data....

Larger sample -
esmaller statistical error (1/+/N)
ebetter understanding of the

. . 0.5 .

detector, calibration etc sk L

: 045 July 00 E

—> error improves by better oast 3

than with 1/+/N . o3k ;
o

o 025 =

65 0 _ Feb 01 :

0.1 July ON

005 £ Mar 02%

E RN R TN AT T N S Y SO TR TR A R :nlu||y| 0|2| E

00 20 40 60 20 100

Million BB pairs



b > canti-cs
CP=+1 and CP=-1 eigenstates

a;  =-—Im(4;_)sin(Amt) B
Asymmetry sign depends on the CP parity of g chp
the final state fcp ngp=+-1 ﬂ’fcp =1+,

P As,

J/v Ks (nt ). CP=-1
oJ/y: P=-1, C=-1 (vector particle J?¢=1-): CP=+1

oK. (->n* n~): CP=+1, orbital ang. momentum of pions=0 ->
P(ntn)=(n"xn"), C(n nt) =(n"7n")

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

J/w K (3m): CP=+1
Opposite parity to J/y K¢ (n+ n~), because K, (3r) has CP=-1

Peter Krizan, Ljubljana



Reconstruction of b-> ¢ anti-c s

CP=+1 eigenstates

4 detection of K in KLM and ECL
4+ K direction, no energy

500 T : T T : T T T T | T T T T
| | 1330 events 7]
Lo § Purity = 63 % ]
400 | m ; ]
o) m : T
= - i i}
0] = = O JWK_ (834 events) ]
o i ]
g 300 - O J¥ K XBG, K, detected N
- 8 JW¥ XBG, other 4
§ + B combinatorial BG 7]
2 i ]
s 200 —
o i ]
Q0 .

£
£ ]
= L .
100 |- —
D i
0.0 0.5 1.0 1.5 2.0

pgems (GeV/c)

+ p* ~ 0.35 GeV/c for signal events
4 background shape is determined from MC,
and its size from the fit to the data
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CP violation in B system:
from the discovery in
BY->J/W K, decays (2001)
to a precision
measurement (2006)

sin2¢,=sin2p from b->ccs
535 M BB pairs

Entries /0.5 ps

Asymmetry

CP violation in the B system

[ B — JiyK®

BO tag
BO tag

sin2¢,= 0.642 £0.031 (stat) £0.017 (syst)

Peter Krizan, Ljubljana




Events /(0.4 ps)

Raw Asymmetry

-0.2

- = BaBar ¥ -
—* B tags ' A preliminary ~ —
- o B tags 7]
= ' ;)‘E
S -1 tffff+i%i§:l; E
= N T

\h%:Lgkfii;fffﬁ —3

| e

=

OPAL —>

ALEPH

CDF

Belle (first paper)

Hi

BaBar (first paper) ———F—

Belle (CPV discovery) —
BaBar (CPV discovery) —

Belle (now) s

BaBar (now) o

1 e

o, =+ W E

o . BaBar sin2p3 analysis
-5 0 5

At (ps)

CP violation in the B system - history

1998

2000

2000

2001

2008

-06 0402 0 0204 06 08 1 1.2

sin2B=S
Belle Collaboration, 98, 031802 (2007)

Belle Collaboration, Phyvs. Rev. Lett. D 77, 091103 (2008)
BaBar Collaboration, SLAC-PUB-13317, PRL 99, 171803 (2007)
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How to measure ¢, (a)?

To measure sin2¢,, we measure the

time dependent CP asymmetry in »\
B> nr decays /

=]

p
N P(B® - fep,t)—P(B” — fep,t) A
‘" P(B° > f.,t)+P(B° > f.,,t) A, =f7fcp% =
2 , - - , 1:CP
(1-|4;_ [")cos(Amt) —21m(4;_ )sin(Amt)
- 1+ 4, |

fep

In this case A # 1 - much harder to extract ¢, from the
CP violation measurement

Peter Krizan, Ljubljana




Decay asymmetry calculation for B>xw* =~
- tree diagram only

, g W— u
d (a/p) A/A <
/ / Vud _
'\ \ * \ d
A =n Vis Vi J . VubJ
\thvtd Vuqub

Im(4_ ) =sIn2¢, =sin 2«

Neglected possible penguin amplitudes ->

Peter Krizan, Ljubljana



nt - tree vs penguin

penguin

\/ub\/ud’“‘:A}"3 (p_-i T])
VipVig*=AA3(1-p+in)

How much does the penguin contribute?

Compare B - K*n~ and B - z*n- -

Peter Krizan, Ljubljana



Diagrams for B> nr, Kn decays

b u b u
BO rt BO nt
d d d d
A - At
TTTT 7
A0 w A3 g A0 w2
b = T b ; K~
"o 1)
2 d g pt ? d - nt
d d
A8 » A2

*Penguin amplitudes (without CKM factors) expected to be
equal in both.

‘BR(nr) ~ 1/4 BR(Kn)

*Kn: penguin dominant - penguin in tn must be important



P(B° - f.,t)-P(B° = f,,t)
, . % G T D0 0 —
oo | © e aea b’ P(B° > f..,t)+P(B® — f,,t)
_ =S, _ sin(Amt) - A,  cos(Amt)

No. of T’ events

S = -0.67+0.16=0.06

try

Q)
@)
o

+

ol A= 0.56+0.12+0.06
€ oL | -
E f:i‘gr, —> direct CP violation!
A | Evident on this plot:
I SAt'(p;) Number of anti-B events

< Number of B events
Belle 2005 sample

Peter Krizan, Ljubljana



CP asymmetry in time integrated rates

 IT(B—-f)-T(B—>f) 1-|A/AJ
(B f)+T(B — f) I+[A/Af

CY

Need |A/A| # 1: how do we get there? A = Z Aiei(5i+¢i)
i

In general, A is a sum of amplitudes with _ _
strong phases 6;and weak phases ¢;. The A? = Z Aie'(é“ )
amplitudes for anti-particles have the same i

strong phases and opposite weak phases ->

=3 AAsin(g, —¢,)sin(, - )

- Need at least two interfering amplitudes
with different weak and strong phases.

Al (A

Peter Krizan, Ljubljana



B->nt n: Interpretation

_ strong phase
Interpretation:

- diff. P-T
tree + F
tree level ol i /

. 2ig, 2ig, 1"‘ | P /T | el§+l¢3 210, ¢
A =€ — A_=¢€ ——=|1_|¢€
L+[P/T [e°%
. - weak phase
Amz =0 — Amr oc SIN o (changes sign)

S, =sin(2¢,) = S, =v1- A% Sin(2,., )

0 dependson 8, ¢;, ¢, and |P/T]
= ¢; + ¢, + ¢3 = drorr dependson §, o, ¢, and |P/T|

¢,. well measured

Peter Krizan, Ljubljana



Extracting d,: isospin relations

. TCTC

’F .-

ccl
o

g0 _ Bo

Q.
o
2
Q.
t
cl
3
|
vy
o
o
=
-I-‘Q
ol
o

3
T ~ Vub*Vud ~ A P ~ th*th ~ 7»3 Te ~ Vub*vud
No pengiun!

Constraint: relation of decay
amplitudes 1n the SU(2) symmetry
= 1/y2 A+~ + A0
= 1/J2 A*™ + A00




* Inputs from:
B > nrn'n
B" >z’
B’ > 2'x’

How do | read plots like this?

* 1-CL = 1: central value reported
from measurements,
before considering
uncertainties.

* 1-CL = 0: Region excluded by
experiment.

* If we think in terms of Gaussian

errors, then 1-CL = 0.317, 0.046,

0.003 correspond to regions
allowed at 15, 26 and 3c.

1-CL

Gronau-London Isospin analysis

T T T | T T | T T T T T T T
.| Bonr (WA)
1.2
i B Vo
----- B—nr (Belle)
1 | ¥ v '-|"‘ "'lrl !
i MoAG
0.8 ::
06 )/ U
SH L CKMfit | [
|} noameas.infit!
04| ° ' :
0.2 | ""
] “‘ n -‘-_ H .."r ;". I I S S I I
O [ = — _— i — e m | — — - — n —
0 20 40 o0 80 100 120 140 160 180
o (deg)

From: Adrian Bevan, slides at HelImholz International

Summer School, Dubna, Russia, August 11-21, 2008



Gronau-London Isospin analysis

B—nr (WA)
1.2
i B el

----- B—nn (Belle)

How do | read plots like this? 0.8} ::
| L]
O Do
* At 68.3% CL = 1o for Gaussian | 0.6 [
errors we have the following - i CKMfit .
allowed regions for a.: I no o meas. in fit ;
i 0.4 . .
a<7.5
82.5<a<103.1 0.2
1180<a <1524 A\ Wy N
. 20 40 60 80 100 120 140 160 180
a>166.7

o (deq)

From: Adrian Bevan, slides at HelImholz International
Summer School, Dubna, Russia, August 11-21, 2008



Extraction of ¢,

Use measured BRs and asymmetries in all three B - & n decays — extract ¢,

(6,8FT closer to ¢,)

Similar analysis also for B - pp

..andforB -» p =«

By using SU(2)

o= 97.5° & 6'205.30

By using SU(3)

(l)2= 89-80 i 700640

1-CL

1.2

I

h—

0.8 5,
0.4

o2} it

| !r[ler -

LP 2007

B—pr(WA)
B—pp(WA)

B—nr(WA)

CKM fit

noo meas. infit * f |
1 1

20 40 60

80

o

100

(deg)

™ COMBINED

r =
[ B4
K] H

120 140 160 180



No easy (=tree dominated) channel
to measure ¢5 through CP
violation.

Any other idea? Yes.

N

VudV b
=dal
7/ ¢3 g Vchcb :

How to measure ¢57

Vudv;b
chvn;b ‘

i-az (b} 720445

Peter Krizan, Ljubljana



¢5 from interference of a
direct and colour suppressed decays

Basic idea: use B-KD° and B--»K-D® with D°,D0-f
interference « ¢,

f: any final state, common to decays of both D° and D°

S K-
b w;@éﬁ b U o
&S C

< —
0 = Wre( €
B™ - D —
u g u S K-
u
3 .
T ~ Vp*Vys ~ AA3 Te ~ Vyp*Ves ~ ALY (p+1n)

(p+in) ~ el63

Peter Krizan, Ljubljana



¢5 from interference of a
direct and colour suppressed decays

Gronau,London,wyler (GLW) 1991: B- - KD,

Atwood,Dunietz,Soni (ADS) 2001: B~ - K DOCG¥) [Ktr-]

Belle;Giri,zupan et al. (GGSz), 2003: B~ - KDY [K mtn~
Dalitz plot ]

Density of the Dalitz plot depends on ¢,

Matrix element:

M., = f(m2, m2) + ret® 0 f(m2, m2),
+ = Jiny ! +

‘

Sensitivity depends on or any other common
0 3-body decay
r_\/Br(B — D" K")

~0.1-0.3

Br(B~ — D" K")

Peter Krizan, Ljubljana



What is a Dalitz plot?

Example: three body decay X->abc. (M (ab)2
M; denotes the invariant mass of the %
two-particle system (/) in a three body — *°-
decay. Kinematic boundaries: drawn for
equal masses m_, = m, = m_.= 0.14 GeV
and for two values of total energy £ of
the three-pion system. Resonance
bands: drawn for states (ab) and (H¢)

corresponding to a (fictitious) resonance 2

E = 1.170 GeV

2 o5t

with M=0.5 GeV and G=0.2 GeV, dot- (M (be))?
dash lines show the locations a (ca) _

resonance band would have for this o v o

mass of 0.5 GeV, for the two values of M3 (Gev)’

the total energy £
The pattern becomes much more complicated, if the resonances interfere.

Richard H. Dalitz, "Dalitz plot", in AccessScience@McGraw-Hill,

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




¢ from interference of a
direct and colour suppressed decay

Ir

)c p . . o SN _ _
2 g2 BT — DK 3 e ey B~ — DK
S 25 3} S 25f Mt .
o - . . - ™ : I L
e I E SO
B '-.: . 3 -'l = . l:
2F . 2r ., - :
fll\ i . ‘“I"_,.. .- . ] .1..-' -
[ ICER - [ Myt
S 15F L - 15F wm . ., -
F . | , :
T B S . ' e J
:/ 1: %{_._; vt 1: f‘-‘. . '1.
. - - [ i L] -
'!1: i * ' L -l‘." - * - wr 5
0.5 A e 0.5 e T
| P P R B B I S R I
0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3
m2(K.mt)  mi@evich Belle GGSZ paper m? (GeVicY

asymmetry

= 0.16 (Belle),

0.09 (BaBar)

(7(+u

) Belle 13 sta

y BaBar

t — 45}?5’[ — 91n0del )

(7(+24 stat — Ssyst — Smodel )
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¢3; summary, all methods

Fﬂfﬂi!’. --- D(*) K(*) GLW+ADS
itter .
ICHEPO& —== [} IR J S [ Combined
--------- Isin(2p+y)| —— GKM fit
1 .E' i ! 1 I I-:'.::.I. | ! I"r.‘;f I I ] ] _:‘.']II \.J 1 | 1 '|' 1 M1 I 1 I I!-‘-.‘I ] | L I | L] I |
08 | i | F ) .
L, o8| i : -
L v=(71£20)° | :
" oaf 8 chs il
0.0 s e el e .-?-'t':...:.__‘_-
0 20 40 60 80 100 120 140 160 180
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b — ¢ mterfering with b — m

Unitarity triangle: angles, summary

B— DK"Y b —» uitd
B - D K°z* B nr
B— pr [ ces
B — pp B —>J/ g;/Kf
J B’ > J/yK:
(p ﬂ) . | B ovesks
- Ve Vb B” > 1K
/ ™~ Vi Vo A2 75
V S | B* > J/yK"
LCl S~
a+f+y-180=(10+21) L.
A ’Y P

00 10

From: Adrian Bevan, slides at Helmholz International
Summer School, Dubna, Russia, August 11-21, 2008



Back-up slides

Peter Krizan, Ljubljana



CP violation in decay

2P in decay: |A/A| =1

(and of course also |A] = 1)

_ (B > f,)-T(B > f,t)

a. = —
' I(B* > f,t)+T(B” — f,1)
1-| A/ AP
1+| Al AP

Also possible for the neutral B.

Peter Krizan, Ljubljana



CP violation in decay

CPV in decay: |A/A| = 1: how do we get there? B i(5,+0))
Af_ZAie

In general, A is a sum of amplitudes with '
strong phases 3; and weak phases ¢;. The 2&_::221/¥6K&—¢O
amplitudes for anti-particles have same f :
strong phases and opposite weak phases -> '

ZAiei(éi_(pi)

Api(5i+§0i)
Y | ‘iv

> M>|

A -[A] = 3 AR sin(g —¢)sin(d, -5)

CPV in decay: need at least two interfering amplitudes
with different weak and strong phases.

Peter Krizan, Ljubljana



CP violation in mixing

eP in mixing: |q/p| = 1 (again [A]| = 1)

In general: probability for a B to turn into an anti-B can
differ from the probability for an anti-B to turnh into a B.

B (1)) =9, (tW B°)
Boye (D))= (p/Q)g_(1)]B°)+g, ()| B°)

Example: semileptonic decays:

(VX |H[Bj,. (1)) = @/ p)g_ (A
(IFVX [H| B (1) = (p/a)g () A

Peter Krizan, Ljubljana



CP violation in mixing

T(BY, (1) = 1'VX) ~T (B, (t) > 1'WX)

q. —_ - _PWs phys _
T (B (t) = 1'VX) + (B, (1) = 17VX)

4

_Ip/al -la/pl _1-|q/p
p/qlF+|q/p° 1+|q/p

4

-> Small, since to first order |q/p|~1. Next order:

q_ M| 1_1|m[ I, ﬂ
b My 2 (Mg

Expect O(0.01) effect in semileptonic decays

Peter Krizan, Ljubljana



CP violation in the interference between decays
with and without mixing

. _P(B’ > )-P(B" > fep 1) _ -
= P(B° > e, t)+ P(B° > fep,t) A=—=

(/I _OA, +9,OA| —|9.OA_ +(a/ p)g_(t) A,

2 2

— 2 — 2
(p/a)g (DA +9, (A +(9,O)A_ +(a/p)g_(t)Ax,

(p/q)isin(Amt/2)A,_ +cos(Amt/2)Ax, : —‘cos(Amt/Z)AfCP +(q/ p)isin(Amt/2) A,

2

(p/qQ)isin(Amt/2)A,_ +cos(Amt/2)Ax, 2 +\cos(Amt/2) A, +(q/ p)isin(amt/2) A, 2

(p/ )2 Ay, isin(Amt/2) +cos(Amt/2)|" ~|cos(Amt/2) + 4, isin(Amt/2)]

(P/0)* A, isin(Amt/2) +cos(Amt/2)| +|cos(Amt/2)+ 2, isin(Amt/2)[ )
(1-| A I?)cos(Amt) —21m(4,_ )sin(Amt)

B 1+ 2, [

= C cos(Amt) + S sin(Amt)

Peter Krizan, Ljubljana



Time evolution for B and anti-B from the Y(4s)

The time evolution for the B anti-B pair from Y(4s) decay

2

T (tag i) 2
R(ttag ’tfcp) =e 7 ‘AfCP

A
[1+ ‘/Ifcp ‘2 + (:os[Am(ttag —t )](1— ‘/lfcp
—25in(Am(ttag —tfcp))lm(/lfcp )]

)

with lfCP B A

- in asymmetry measurements at Y(4s) we have to use
trao-ticp instead of absolute time t.

Peter Krizan, Ljubljana



Identification with dE/dx measurement

dE/dx performance in a
large drift chamber.

4

dE/ctx

A

e

Essential for hadron R AR
identification at low
momenta.

5

1.5

0.5
-1.5

AP
dE/dx vs log, [p)



Why penguin?

Example: b—>s transition

Peter Krizan, Ljubljana



K-nt* - tree vs penguin

penguin

S Vubvus*=A}‘4(p_-iT])
Vcchs*=A}“2

Penguin amplitudes for B - K*zx~ and B - n*tn~ are
expected to be equal. Contribution to ACuus) 1n K*mn-
enhanced by A in comparison to ntn-

B - K*n~ tree contribution suppressed by A% vs n*n .
Experiment: Br(B-K*x-)= 1.85 10>, Br(B-n*r )= 0.48 10-°

-+ Br(B-n*n") ~ 1/4 Br(B-K*nr~) - penguin contribution

must be sizeable
Peter Krizan, Ljubljana



B->nt n: Interpretation

Interpretation:
tree + W
tree level
1 = elit 7 o2ié: 1+| P/T |eﬁm 2!¢2eﬁ
T T \§/ | 7m
1+|P/T|e strong phase
- diff. P-T
Am =0 — Am oc SINO weak phase

(changes sign)

S, =sin(2¢,) — S, =V1- A% sin arect ab

A(utd) =V V, (PC P )+Vubvud (Tuga + Py — P )=

=ar ud * ub
_V Vud Tuud |:1+ (Pu P )+ (Vcbvcd /Vubvud )(-P{/‘j, & ¢3 g£VCdVCb J

Peter Krizan, Ljubljana




How to extract ¢,, 6 and |P/T|?

d,.¢¢ depends on 3, ¢35, ¢, and |P/T|

n= &; + ¢, + O3 = &,.r¢ depends on 5, ¢, &, and |P/T|

¢,. well measured

penguin amplitudes B » K*n- and B - =n*n~ are equal
- 1imits on |P/T| (~0.3);

considering the full interval of & values one can
obtain interval of ¢, values;

1sospin relations can be used to constrain §
(or better to say ¢, - ¢rure) ]

Peter Krizan, Ljubljana



CKM matrix

3x3 ortogonal matrix: 3 parameters - angles

3x3 unitary matrix: 18 parameters, 9 conditions = 9 free
parameters, 3 angles and 6 phases

6 quarks: 5 relative phases can be transformed away (by
redefinig the quark fields)

1 phase left -> the matrix is in general complex

—i5 )
( C12Ci3 S12C13 S13€
is iS5
VCKM —| S12013 o Clzszsslse C12(:23 o 8128238136 S23,(313
) iS5
\ 512523 7 C1pC035,56 ~ C12573 7 5150535,5E C23Cy

3 )
S{,=sin®,,, ¢;,=C0sO,, etc.

Peter Krizan, Ljubljana



