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Summary of Lecture 4

The Superweak model was a plausible explanation for the K,=>n*n observation
It predicted the phase of ¢ = ¢, =arctan(2AM,/AT")=45°, in agreement with experiment,
no other observable CPV processes, & a dull future for specialists in the field.

Precise comparisons of the rates for K 2>n*n and K =2>7r° in high-statistics
experiments exposed a direct CPV amplitude in K, 2nn decays, killing the

Superweak model

The measured Weak Interaction charge of the d-quark is 0.98 G,, that for the
s-quark is 0.21 G;. These differences from G; are due to quark-flavor mixing

The non-existence of Flavor-Changing Neutral Currents was explained by the
discovery of the charmed quark & Unitarity of the 4-quark flavor mixing matrix

Kobayashi & Maskawa: a CP violating phase can be accommodated in the quark-
flavor mixing matrix but only if there are 6 quark flavors (not 3, known in 1973)

Three more quark-flavors are discovered: charm, bottom and top.



Today’s topics

» Necessary conditions for observable KM-type CP
violating asymmetries in B meson decays

e Experimental tests of the KM model for CP violation



CKM matrix today
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The challenge
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KM model predicts large differences
between B° and B° decays

VoLume 43, MUMEFR 12 PHYSICAL REVIEW LETTERS 22 SpprEnuer 1980

CP Nonconservation in Cascade Decays of B Mesons

.

Aghton B, Carter and A, T, S8anda
Rockefeller Unfversily, New York, New York 10021
(Hecaived 2 June 1960

NOTES ON THE OBSERVABILITY OF CP VIOLATIONS
IN B DECAYS

Ikaros Bigi Ichiro Sanda Ashton Carter Institut fiir Theor. Physik der RWTH Aachen, D-5100 Aachen, FR Germany

I.I. BIGI

A.l. SANDA'
Rockefeller University, New York 10021, USA



Sanda-Carter conditions
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B2« B? mixing

Essential element of the CPV measurement

These have a CPV phase: ¢,

(for B mesons, only short-distance terms are important)



ﬂ = ubvud f(mu) + VcT)Vcd f(mc) + V:E)th f(mt)

amplitude for b>u,c,t>d mixing

x x x
GIM:  V, Vgt VpVeg t VpVig =0

Unitarity relation

non-zero only If: m,#m, #m,



Large m, would overide GIM
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B%->B° mixing would be fast

(and this would allows us to access V,,'s CPV phase)



BO—B? mixing discovered in Germany

ARGUS Experiment
PLB 192, 245 (1987)
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m, prediction from B, B, mixing

PHYSICAL REVIEW D VOLUME 48, NUMBER 7 pg 3271 1 OCTOBER 1993
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m,=1677{5 GeV

PDG 2012: m, = 173.5 + 0.6 =+ 0.6 GeV



N(B) — N(B)
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Long B-meson lifetime discovered at

more B-decays with
positive decay lengths

o
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W. Ash et al., Phys. Rev. Lett. 58, 640 (1987)
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SLAC result in 1987:

T, =12+02x107" s
V,|=0.047£0.005

latest results: 7, =1.52+0.01x1077 s



measure |V, |/|V,| from B>Xe*v endpoint
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|V, | = 0.0041+0.0009 (=0.1|V., |)
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Carter-Sanda conditions are met!

100

LI | T T

—
5y = V| 2
T

$,=005
IOF
sizeof CPV 3 [
B%(B°) decay o

asymmetry
=

= ==M;=20GeV
——M=30GeV

0.1 1 [ | 1 |
[aRsl]

Conditions (for a210%):

1) M, >20 - 30 GeV

2) |V,|<005=1,,>1x107"s

<
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3) Lab
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Ashton Carter in 2015
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The Key

Use B° mesons
BY = (d B°= (b

B%/B? similar to K°/K®

b



lJ\f%‘ﬂi%ZI:
Primer on B mesons



Lesson 1: Basic properties

e What are B mesons?
-B°=d b @ B°=b d @@
st e@ e
— 1=1.5x101?s (ct =450 um)
e How do they decay?
— usually to charm: |b—c|?/ |b—>u|?~ 100

* How are they produced?
— ete” —Y (4S) > BB is the cleanest process



Lesson 2: “flavor-specific” B decays
In >95% of BY decays:

B0 and BP are distinguishable by their decay products

semileptonic

decays: R0 - X1y —L g)

hadronic _

decays: R0 __ D X —L g)




Lesson 3: B — CP eigenstate decays

In 1~2% of B° decays:

final state is equally accessible from B° and BO

charmonium

decays: BO " J/\|IKS <\A BO
T JyK, ©

charmless

: + S
decays: BO _— TTTT 0




Lesson 4: The Y(4S) resonance

3S bb bound states —
: \ _ /‘ o(ete— BB) = 1nb
BB —
—N\wreo— ® B°B%/B*B~= 50/50
“  good S/N: (~1/3)
BB and nothing else

T « coherent 1~ P-wave

c(ete”)— hadrons

e 3i1:i85) D ~95% flavor-specific decays; only
/O.SSGeV a few % are CP-eigenstate decays

ete~=>qq continuum (u, d, s &c)




Lesson 5: B? €<->B? mixing

A B° can become a B? (and vice versa)

These have a weak phase: ¢,

(in the BB system only short-distance terms are important)



The neutral B meson system
=M -1-T
2

Mass matrix Decay matrix

=(B,|M|B,)-4(B,|T|B,) =M, —iT; =X

<BG‘H‘BO> <BG‘H‘§0> Mu_'%rh Mu_'ir;z
(B°|H[B°) (B°lH[B°) )" (M~ f

CPT symmetry: M, =M,, 1“_1.l =1"22

(B,|H|B,)

o no assumptions about C?
Hermeticity: le =

My, =515



Schrodinger’s Equation

-- allowing for CP violation and including decays --

— ——in? (=M —4i
to conform to the XZI—ﬂBo_)go——lP (—M12_2r£*2)

standard notation: o ;
X, = /‘Zl 0o_ygo — g (: M, _Eriz)

ihg\m) - HY¥(1)

assume solutions of the form: y,(¢) = ae ™"

Schrodinger’s equation X“2 zp —idit _ ii ] —idgt
for energy eigenstates; —lq X bi ot\ b,



Solutions for ‘W(t)

)
X — A’i —lq
eigenvalue . 9 =O
equation: —lp Xll — )’i
eigenvalues eigenstates
i=1: Ay =X, +ipg; |B"s">= p2]+q2 (P|B>_QBD>)

i=2: A, =X, —ipg, |B"L"> - ﬁ (p‘B>+q §0>)

So far, experiment says p=q= % — ‘B"S"> = ‘Bl> = f(’Bt)> + |§(]>)

experiment: AM, =|M, - M,|=3.34+0.03x107"° MeV
[, =@+T,)/2=(129+001)AM,




BO(t) and BO(t) time dependence

|Bn(t)> = (|BO(0)>(1 + ) + E))e—rﬂr

common phase

/ i
BO(0) = (B O)(1+¢%%) -[B°)(1 - )T




Can we measure ¢, 7

v'two processes: B> & BY > B? >f

v'weak phase: 2
weakphase: 26 Yes!!

v'common phase: Amt




Interfere B—f.p, with BB 1
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What do we measure?

Flavor-tag decay
Asymmetric (B%or BY ?)
energies Iy

---------------------------------------------------

more B tags

: 't = Azlc
(tags) WTags/ @

This is for CP=-1; for CP=+1,
the asymmetry is opposite




Requirements for CPV

Many B mesons
— “B-factory” & the Y (4S) resonance

Reconstruct+isolate CP eigenstate decays

— Kinematic variables for signal +(cont. bkg suppr+PID).

“Tag” flavor of the other B

Measure decay-time difference

— Asymmetric beam energies, high precision vertexing(Az)
— Likelihood fit to the At distributions



PEPII B factory in California

Stanford Linear
Accelerator Ctr




The PEPII Collider (magnetic separation)

&&&&&
an

 SLAC/LBL/LLNL
- SLAC-Based B Factory:
PEP-11 and BABAR

Int(L dt)=131 fb

On resonance:113 fb?

I H:Eh Enerpgy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel sstaig]

9x3.0GeV, L=(6.5X
1033\ / ~rrm2/car



The BaBar Detector
Superconducting Coll (1.5T)

L=, Silicon Vertex
& - Tracker (SVT)[5 layers]

e* (3 GeV)

S

' Drift Chamber
[40 stereo lyrs](DCH)

’ (Tl) Calorimeter (EMC)

[6580 crystals].
Instrumented Flux Return (IFR)
Cherenkov Detecto(DIRC)
[144 quartz bars, 11000 PMTs]

[Iron interleaved with RPCs].



KEK laboratory in Japan




*TWO rings
e”:3.0GeV 1.5A
; e~ :8.0GeV 1.1A
/ECM : 10.58 GeV
e_uminosity:
starget: 1034 cmese

eactual: 2x103%m2 st
(~20 B’s/s)




e*e” luminosity ~ 2(/2:5y1)
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A magnetic spectrometer based on a huge superconducting solenoid



Step 2: Select events

r>ﬂ+7t_

B - J/v K, event

b u"‘u‘ Tracking chamber only



Drift chamber for tracking & momentum
measurement |

SELLE Canral Drift Chambssr

L .-.____.y-"' ":‘-.;K o @Georges Charpak
e Fy y . 1924-2010

1992 Physcs Nobel Prize




Belle drift chamber under construction




Drift chamber cell
Chargefl particle track

(L @ Efield o

\K A ionization electrons/cm

£ ] ,#/Oi .
= \
Drift speed ~ 50um/nsec
T Position resolution ~ 150 pm

»
>

17mm



Event-time structure

6z=0.7cm;
6t=0.05ns

Events occur during 0.05ns time intervals
separated by 4ns

It is not difficult to determine the time an
event occurred (t,) with <+0.5ns precision



Gas multiplication in a drift chamber

Vo

In(r /a) V,
rln(b/a)

V() =V,

E(r) =
InG/a)’ ®

For V,=2000V, b=2 cm a=20um: Gas gain ~ 10°
E-field at the wire=x150%x103V/cm



Time vs drift distance

charged particle track %
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Same event in the entire Detector
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BY - J/v K, event




Kinematic variables for the Y (4S)

e in CM: @/ E=E./2

5 P
(aE
L I i ] Q
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3 t
ey s h gt S
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invariant mass: mg =./(E,,, +E¢ )’ (B, + Bx.)’

Beam-constrained m,_ = \/(ECM /2)* =(By,, + Py.)?
mass:



Kinematic variables for the Y(4S)
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B 2>y K, signal event

Event display
L DL I B
1 | BELLE Zrfssiuiie..
_ m 1399+67 J/w K,
600 - signal -
O J¥K
* O JW¥K XBG, K_detected A
400 i @ J¥XBG, other —
: B combinatorial BG

200

0.0 0.5 1.0 1.5 2.0

pg” (CmMs)
[2332 events with a purity of 0.60]




Step 3: Check the other tracks to see
if the other meson is a B® or a B°

?
+
o ?
Ks vertex -
+ ,-'.
T ]
o \ ?
- TS ?
T



Flavor-tagging the other B

Figure of merit(Q)=¢(1-2 W)Z:\the ‘effective” tagging efficiency

=|nclusive Leptons: W=Wrong-sign tags

=high-p I- b=>c(v

sintermediate-p I Ls(9v
*Inclusive Hadrons:

shigh-p 7= B° DMz DO* p>ete.,

"low-p 7 — DAz

sintermediate-p K- ~(KX

nmmmd  Belle: effective efficiency = 30 %



Distinguishing different particle
types dE/dx

dE/dx

lonization density
in the drift 4 P
chamber (dE/dx) | £

25

1.5

0.5
1.5 -1 0.5 0 0.5

1
log,,(p)
dE/dx vs log,,(p)



K meson identification from
dE/dx, Cherenkov & TOF

dE/dx (CDC) B

A dE/dX ~ 5 %
TOF (only Barrel) | NG
AT ~100ps (r=125cm )
Barrel ACC B N n=1.010 - 1.028
Endcap ACC . n=1.030
( only flavor tagging )
| | | | —
0 1 2 3 4



Distinguishing different particle
types (time-of-flight)

X
s Barrel ACC n=1013 e O\
60mod. /4

n=1.020 n=1.015 | n=1.010 Z
240mod. 240mod. |  360mod &\&

\
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e\ T i Y i 3 : -{ o il
o 2N, ® o | . & - a0 "y

Scintillation
Counter barrel

d.

r | l» 228mod.



Time of flight measurement

t=0
t rtneasure this
TOF
L tprop PMT
<€
< L/V calculate this

I

here you use a much faster clock



TOF measurements of particle
mass

Time=L/v=> B=v/c = p/V(p>+mI) > m

2000 [
1750 — n
5 Mass from TOF measurements
1250
1000 —
750 —
500 —

250 [

Mass(Gev)



Identify the other tracks in the event

A K- tag event means the other
meson is (probably) @ B° (not a B9)

7T
_ et Tt
D->K not K* K
D> K* not K
B>D>>B->D o ol TC
- e K



Step 4. Find decay time difference

y

_ Brec momentum

Beam spot: 110 pm x
5pum x 0.35 cm \ I . P

Silicon detectors measure Az

(typically ~200 um)



Silicon vertex detector

Side View

Top View
4th layer

1st layer

Piulep




Silicon detector

Charged particle track

position resolution = 20 um

300pum
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Magnified vertex
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y-z vertices

&1l

iy
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A Fully-reconstructed Event

B,—Jhp K0
I—-K mt
W

By—=D*m-

L~ K-t




Event-by-event Likelihood

Pu)XR(At-At)dAt
B-lifetime studies

b-flavor tag

sin&m&t]
= — parameter




P.., sidebands, etc

o5k
S + Data (b) 180F
=k 1 B"—JiyK, 160}
o [ real Jiy, real K, 140F
~ [ real J/y, fake K > F
23K} mm fake Jhy 2 120F
g I 1-Py, — 100
Wogl £ 80F
I 2 n
: w 60
1k] 40F
- 20
3 0 04 08 1.2 J.E 2 001 00% 0 005 01
P, (GeV/ec) E @y

sidebands



Resolution function

R(ét; Jﬂ.t) fc-u:-re hﬂ(ﬁt; 5::1:-reg.&t-.- Secore Jﬂ.t)
fraithc (0t; dtanoat, Stailoat)

+
+ fﬂuthﬂ(ét; 5[!1.11:-1 Sﬂut):

0.05
u.mf—
n.uaf—
0.02

0.01-

_ 1 ot — )2
Stmeas 6ttrue hg(ﬁt, d':' G_) — E}:p (_ [: ) ) ?



sin2d, measurement by Belle (2003)

5417 evts 90|

N
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0.5 |

(N
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Belle results at LP-2001 Rome

E Combine q, §; & At

1/N-dN/d(At)

0.20+

_+_ q-éf = +1 (IEO & CPodd) or (B° & CPeven)

_C:,_

G &= 1 (B® & CPeven) or (B" & CPodd)

July 23-28, 2001

At (ps)
LP01, Rome The Belle Collaboration




Belle Results LP-2001 Rome

E sin2¢, value that maximizes II. L.

sin2¢, = 0.99 = 0.14 (stat) =0.06(sys)

Combined

curve from
unbinned fit




Belle Results LP-2001 Rome

E Compare CP -1 and CP+1

1 - J/\VKS CP-1 Sinzq)l
) \ - -\\
0.84+0.17
| Im !

Zm | @I opposite!
[ 1.31+£0.23

J/W KL _ T (statistical

-4 0 4 g errors only)

At (ps)

Jn.l}' 2328, 2001 LF01, Rome The Belle Collaboration




BaBar/Belle comparison (LP2001)

Integrated Luminosity 23fb? 33fb?

Ks(m+m—) J/w events (purity) 316(96%) 457 (97%)
K_J/w events (purity) 273(51%) 569 (61%)
Other CP modes 214 366

Effective tagging effic (w) 26% 27%

sin2¢, 0.59+0.14+0.05 0.99+0.14+0.06

Weighted average: sin2¢,=0.79+0.11; ¢,=26°+5°



Belle

2012
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PRELIMINARY
BaBar 069 +003+001
PRD 79 (2009) 072000
BaBar 0.69 1 052 1+ 0.04 1+ 0.07
PRD 80 112001 I
BaBar Jhy (hadronlc) KS 156 1042101
PRD 69 (2004) 05200
Belle i 067 £ 002 1 0.01
PRL 108 (2012) 171802 ! 5
ALEPH : 08477521016
PLB 492, 259 (2000)
OPAL : 320 350 +0.50,
EPJ C5, 379 (1998)
CDF i 079 't
PRD 61, 072005 (2000)
LHCb ; 076 + 003
JHEP 11 2017170 1”
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PRL 108 (2012) 171801 x
ﬁ;aa e 0701002
2 -1 ] 1 2 3
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CP Violations seen in B meson decays
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Are these CPV asymmetries
really due to a phase in the CKM
matrix?



Summary of Lecture 5

e Carter and Sanda establishes conditions on M,, |V, | and |V, | for producing
measureable CP violating asymmetries in B meson decays.

* Experiments at DESY, SLAC and Cornell show that the Carter-Sanda conditions are met

e Experiments at KEK (Belle) and SLAC (BaBar) were designed to test the KM predictions
for large, mixing-induced CP violation asymmetries in B®>KJ/y and K J/v decays

200F B> Jiypkg | =0 g=+1

* Both experiments found CP violating asymmetries similar
to the Carter-Sanda-Bigi KM-model-based predictions

Entries /0.5 ps

* Unlike the K meson system, where the observed CP
violating effects are small, the CP violating effects
in B meson decay are large, near their maximum
possible values (sin2¢,=0.68 vs a maximum possible
value of 1).
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