“Young scientists should know with what ditficulty
new knowledge was born.”
Misha Danilov



CPV discovery

Christenson, Cronin, Fitch and Turlay observed 45 events of the K%, — m*n- PRL 13, 138
decay (240.4)10° ) 1964
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Why It’s so important

Sakharov realized that CP violation is one of the necessary conditions of the ~ JETP Lett. 6, 21 1967
excess of matter over antimatter in the Universe

The baryon asymmetry of the Universe is the measurement of
np — Npg _
~10 10

Ny
This means that 10~®seconds after the Big Bang, when the temperature was T > 1 GeV, and quarks and
antiquarks were in thermal equilibrium, there was a corresponding asymmetry between quarks and
antiquarks.
Sakharov pointed out that for a theory to generate such an asymmetry in the course of its evolution from a
hot Big Bang (assuming inflation washed out any possible prior asymmetry), it must contain:
(1) baryon number violating interactions;
(2) C and CP violation;
(3) deviation from thermal equilibrium.

Interestingly, the SM contains all three conditions, but CP violation is too small, and the deviation from
thermal equilibrium is too small at the electroweak phase transition.



GIM mechanism

Glashou, lliopoulos, Maiani Weak Interactions with Lepton-Hadron PRD v2,n7 1285
Symmetry 1970

Flavor change neutral current suppression due to unitarity in scheme with
four quarks
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Kiyoshi Niu event

In 1970, a small team of experimenters in Japan led by Kiyoshi Niu, exposed a stack of
photographic emulsions to cosmic rays in a high altitude commercial cargo airliner. They
found a remarkable event, in which an ultra-high energy cosmic rays particle produced
long lived particles with large masses.

Prog.Theor.Phys.
46, 1644, 1971
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Kobayashi Maskawa quark mixing

Kobayashi, Maskawa CP-Violation in the Renormalizable Theory of Weak Prog.Theor.Phys.
Interaction 49, 652, 1973

Eureka! With six-quarks there is room for a CP-violating phase!

Next we consider a 6-plet model, another interesting model of CP-violation.
Suppose that 6-plet with charges (Q, Q, Q, Q—1,Q—1,Q —1) is decomposed into
SUgeax (2) multiplets as 24+2+2 and 1+1+1+1+1+1 for left and right com-
ponents, respectively. Just as the case of (A, C), we have a similar expression
for the charged weak current with a 3 X3 instead of 2X 2 unitary matrix in Eq.
(5). As was pointed out, in this case we cannot absorb all phases of matrix
elements into the phase convention and can take, for example, the following

expression:
cos 0, —sin @, cos @, —sin (), sin 0, 1 0 0
sin @, cos 0, cos 0, cos @, cos 0;—sin B, sin 0*® cos 6, cos 0, sin s+ sin 0, cos O*° |.
' 1. 2 1- 2 3 2' 3” 1 - : 2 . Sis 91,82,63;6_>0 0 1 0
sinf,sinf; cos 6, sin #, cos 63+ cos 6§, sin fse @m 0, sin 63 —cos 0, sin fe 0 0 0

(13)

Then, we have CP-violating effects through the interference among these different
current components. An interesting feature of this model is that the CP-violating
effects of lowest order appear only in 4S50 non-leptonic processes and in the
semi-leptonic decay of neutral strange mesons (we are not concerned with higher
states with the new quantum number) and not in the other semi-leptonic, 4S=0
non-leptonic and pure-leptonic processes.



November 1974 Revolution

Aubert, ... Ting, et al Experimental Observation of a Heavy Particle J PRL 33, 1404
1974

Augustin, ... Richter, et al Discovery of a Narrow Resonance in e*e- PRL 33, 1406
Annihilation sor 1974
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Discovery of the third generation

Perl, et al Evidence for Anomalous Lepton Production in e*e” Annihilation
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FIG. 2. The observed cross section for the gignature

e-u events.

Herb,...Lederman et al Observation of a Dimuon
Resonance at 9.5 GeVP”in 4Qp-GeV Proton-Nucleus
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B mesons production at e"e” colliders
PRL 50, 881

CLEO Collaboration Observation of Exclusive Decay Modes of b-Flavored Mesons

A S : . . ! - 1983
20p M :
=1 B
a :' 4 T T T T T
z 154 } ':
2 |
10 < . ' p— -
;«Tz & f'h‘; ; [(]8==0%1
& sf o k9 A z Nt -
23 f il 'f af M P T Eo T 1
5 Tg 18) ) ]“(28) l\‘(BS) : : T(QS) 'EO_, D*+ o
944 946 10.00 10.02 1034 1037 1084 10.58 - ¥+ T 7"
Mass (GeV/cz) m g 0 m

CESR at Cornell:
“naked beauty”

EVENTS / 5 MeV

avavatatata
PSS
.

T ee"e% s

- e o W

§200 5240
MASS (MoV)

5280

0250183 002



b lifetime
PRL 51, 1022

MAC Collaboration 1983

PRL 51, 1316
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CKM matrix Wolfenstein parameterization
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Unitarity Triangle

1')1. =3
T 1

b3

) (PsM) @

¥
0.0) / / (1,0)

apply unitarity constraint to il ar p~— ar a=n—-p-y

these two columns

Orders of magnitude for
Wolfenstein parameters:

A~022, A~08, p’+7°~04| |V, =
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B Mesons Mixing



Mixing

Effective Hamiltonian approximation: “dispersive”
l “absorptive”
(A A po (1) 50 (O), g M, —iT, /2
dr | b(t) b(t) 0 [

From flavor to mass eigenstates (#,, P, ) ~ CP eigenstates (P,, P.):

)= plP) 4o P) === GIR)+|R) T

2 1 2
w”+kl p+q
| el
—(B)+2|R,)) g +|p[ =1
w/1+‘5|

[Pi)=PP°)-4|P°)=

Solving the eigenvalue equations and defining: Am =m,, —m,
Am® —1/4AT? = 4M,|" [T, [
AmAT = 4Re(M T,

AT =T, -T,



g, p, Am and AT for B, and B,

9 W b q u,c,t p
= — AN ——— > > > no )
B; =(bd) t . § W B ~{bd)
U C: T Y AU, C, T A S A -
- " ROFES G
B = (bs) —— ) g .5 B? =(b5)
b W {4 b w,e,t g _
7 0
BL? = (b d) Now all three up quarks should be taken into account B_g - (bS)
VaupVua N VebVea N VirVia  2iVibVia VibVus  VerVes | VeoVis  2iVinVis
/ﬁ_mu /ﬁ_mc ﬁ_mt ﬁ /ﬁ_mu ﬁ_mc /ﬁ_mt ﬁ

Three remaining diagram contributions in M;,:
cc: (VpVig)2GEm?2 ~ A2A6 GZm? (VebVes)2Ggm?Z ~ A%A* Ggm?
. VebVeaVeo Vea G ;né ~ o m Vo ViV Vi, GZm? ~
; _ .
—A"A°(1 — p +in)Gf mcIn(C ) —~A%)*(1 - iAZn)GEmgln(%z)Z

tt (VpVi)?GFm¢ ~ A’A° (1 — p + in)*Gfm¢ (VinVis)?GEm{ ~ A%A* (1 — iA’n)?Ggm{



g, p, Am and AT for B, and B,

(1 m,=0

GZB 2 mz " t
M, = —— BdedemtnBthVt 21 (= I[—%) =105 m=175GeV }
12m2 mﬁ, mé, 0.5 = oo
025, t=®)

GgBB fB l mg .
I, = . ‘m thth +0 V bV*d
811 m,% e

Where ngwith the account of NLO corrections (nz"“? = 0.55 + 0.01 ) and fp_./Bs, = 216 + 15MeV

M., dominated by the top quark
In the SM 12 ®. /]w12 ]

for B mesons: F,z few common on-shell states




Time evolution of neutral B mesons

Assuming CPT conservation

Time evolution of mass eigenstates:

BO(Z‘)> _ e—tFB/2 o ™M e+itAmB/2
&

BO( )> —ZFB/Z e—ltMB e—ltAmB/2

5,(0))
B;,(0))

Time evolution of initially (t=0) pure flavour eigenstates:

P
B ()= () e ) 0=l e sneom, )
B0)=200) )+ 0)5)

‘ph) > XBO>+ h()l > h+(t)=er/2 cos(tAmB/2)



Time evolution of neutral B mesons

Flavour oscillations: for |n|t|aIIy pure B°(r=0),
probability for finding B° (B ) at time t, assuming |g/p|=1

‘hi(tX2 = %e"r” [1 + cos(t Am, )] = a,mx(t): cos(t Am): cos(xF t)

Time-integrated ratio and time-integrated oscillation probability:

fdt _(th e y B . Am
LT F T,

Observable by looking at self-flavour tagging semileptonic or hadronic
decays! For example:

B — Ity B s D"y
B > Dt B > D'n”
B)—>DIl'v. B’—>D!Iv



Discovery BB oscillations

ARGUS Collaboration Observation of B —anti-BO Mixing PL B 192, 245

Reconstructed Y(4S) event 1987
Y(45)— 8°8° > BB G, 1987
30 o Q*_!ufrvla q*_ — D_ 073'1_ o i
B >0 wv, 0 >0
Time-integrated 217%

mixing rate

o 25 (270) like (opposite) sign
dilepton events

o 4.1 lepton-tagged . ‘
semileptonic B decays i \n_ P

luminosity 1983-87: T

o 103 pb! ~ 110,000 8 pairs




Mixing parameters

Ampg Am
TN / \ ATy /2T =~ —1 1/T3=1.56 ps
F N Amy /Ty = 0.945 |ATq|/2T «<0.01
a 2. Amg /Ty = 0.77
I\L’/ \ 5 -4/ -d
1/T's = 89.3 ps "1/T';, = 51.7ns
,// \
TP EPRPIPRRE RIS . (PRI
-10 -5 0 S E [ns™] -1 0 I g ps’]
Amp ~ 0 ; Am .
— ) |
ﬂ Amp = 0.01ps™* ' Amg = 17.8ps~1
1/Tp=0.415 ps 1/Ts=1.47 ps
|AFD|/2FD = 0007 Bﬁ] Bs}l AFS/ZFS =~ 013
AmD/FD = 0004 i Ams/rs = 27
| |
i } |
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B B .Mixing

— B 5+ Dogt = BY 5+ BY &+ Doxt = Untagged

2500 F 4,

LYY
2000 F ’.
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Decays / (0.04 ps)
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CP Violation in B Decays



Carter, Sanda

Bigi, Sanda

Odonne

Historical Remarks

CP Nonconservation in Cascade Decays of B Mesons PRL 45, 952
e'e” - “T"~B, B, +X,~K*K s+ X" 1980
(r-T)/(r+T)= —xa sin2¢/(1+y cos2¢),
where ¢ =arg(U,, U, Uy*). Nucl. Phys. B193, 85
Notes on the Observability of CP Violations in B Decays 1981
Bg
:" VK Great ideal Butis it practical?
Bq B(BY — KsJ/¢) B(Ks — ntn7)B(J /i — (1) (€rk) e A 1072
ng—S NIH—l ~10-1

How large fraction of B oscillate into a B%before they decay?

How measure At at Y(45)?

Proceedings, Conference on Linear
Collider, Los Angeles, 26-30 Jan.
1987

Concept of Asymmetric e+e- B Factory



Classification of CP-violating effects

CPV in decay: i F(P‘ 7 )_ F(P* N f*) ) Z/ /Aﬂ 2 1

= A_ = -
ZIEY s B YA o ) I RN

CPVinmixing: A (/)= & Jat(Py, = 1" X )-dr/dr(Ps, > 1"X)
Y dr/de(PS, - IF X )+ dU/d (P, — 1" X)

9/ p|#1
_1-lg/Af
1+|q/p|
CPV in the interference decay-mixing:
Sm( ,1f) ) For example: decays to CP eigenstates f,,
Ay = a4 A, ()= (f}j’(’)’y“' > fop )= (B, > for)
p A4, TS0 A PE. > fop V4 dU A\ P —> fo)



Observables: “direct” CP-violation

A=A A=Ay
. P ey
A, = |A,| e® et A, =|A,| e® et

0 >0 (CP-conserving)
é» > —¢ (CP-violating)

Time-integrated “direct” CP asymmetry requires two amplitudes and 6+0:

5+¢ S




Observables: “direct” CP-violation

Time-integrated “direct” CP asymmetry (“CP violation in decay”):

ri— f)- 1“(1T N f) 2|4 ||4,|sin & sin ¢
Acp -

C(i—> f)+TE > f) |4f +|4[ +2|4]4,|cos 5 cos

- the only possibile CPV effect for charged mesons decays !
- requires at least two amplitudes and 6+0



CP-violation in the Time Evolution of B® mesons

Time-dependent decay rate for B, — f

dr (thys (1)> f )

dt :Kf IH ‘ thys(t» L
. // “oscillation, then decay”

(1+ cos(Am Z)XA_,.‘Z 4

2

(14 cos(Am 1))+ |
62 | ‘Af|2 +(1—cos(Am t))(/lf‘z =
- ZSm(/lf )sin(Am () |

= +(1—cos(Amt))< -‘Z/.lz— =

4
p

o~ q * 4 :
—23m| — A, A, |sinlAmt
[p ! ’) ( XJ

———

“Interference”

/1f=

SN

g
P 4z



CP-violation in the Time Evolution of B® mesons

A
p— T ™
\ X /
\
q/p p/q ‘BO Af

Interference between mixing and decay to a CP eigenstate f.»

— 1—1(812/1%9( )_) fCP):'ér(B;?hys( )_>fCP)

Flavor-tagged time-dependent decay rates are different!
they are governed by the “CP parameter”:

CP ~ g '2P Amplitude
eigenvalue ratio

from mixing




CP-violation in the Time Evolution of BY mesons

Decay distributions £ (f) when tag = 50(50), pair-produced at Y(4S)

I

fop . (Al) = Ze‘m [1£S, sinAm,AtFC, cosAm,At]

fep CP
Asymmetry
/f\,CP (At) = CfCP cos(Am At) - Sfcp sin(Am_At)
For single
decay
CP parameter amplitude
_ =0
Af =n, q "%

cP CP p Afcss =—Im /’Lf
cP




CP-violation in the Time Evolution of BY mesons

Time Evolution of the Tagged B°(B") — B p

Incoherent By - B°m* Coherent e*e™ - B°B%* — B°B%y Coherent e*e™ — B°B°

ETT | I I I I I I I I =] [= =] | T T T I T T T =

0.75 | — 0.75 ] 0.75 —
05 [ = 55 £ : 05 [ E
0.25 | — 0.25 — 0.25 —
0 - it iined - 0 C S 0 E P =
8 0 8 3 0 8 8 0 8
7 [ps] At = T = fiog [PS] At = Top =~ fiog [ps]

For antisymmetric source of B’ B®, integrated CP asymmetry is zero:
must do a time-dependent measurements



Golden Channel

b
B(120) o
0- S KO
d ——d™s AT = rao - r’rag
Antisymmetric - —
Yi45{ wave function 2 &ag (7}09) =8"
state L v Inclusively tagged with
= (+ “ decay product(s):
4 fa a a e, u°, or K signal
(B’ (At)>f,.)-T(B’ (At)>f
A,CP(At)z ( phys( t)—) CP) ( phys( t)—-) CP) =Sin2ﬂ3inAmdAt

l—‘(B—;E)]hys(At) —* fCP ) + l—‘(B:))!'zys(At) —¥ fCP )



KEKB asymmetric e*e” collider
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» Two separate rings
et (LER) : 3.5 GeV
e” (HER) : 8.0 GeV
By = 0.425
" Ecy ¢ 10.58 GeV at Y(4S)
¢ Design:
Luminosity:10°4 cm2s-!

Current: 2.6/1.1A
(LER HER)

¢ Beam size: o, ~3 um

o, ~ 100 pm

¢ =11 mrad crossing angle




Time-Dependent CP Asymmetry Measurement

Y(4S) produces
coherent B pair:

o> At

At ~ Az / <By>¢

Exclusive
B Meson.
Reconstruction

CP eigenstate

4

B-flavor tagging




Silicon Vertex Detector at Belle

SVD sideview

SVD endview \ CDC

Fep 1R
2xBe walls = 2x0.5 mm T

2.5 mm Helium cooling gap



Belle

Detector

Aerogel Cherenkov cnt.
=1.015~1.030
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SC solenoid -

14/15 lyr. RPC+Fe

u/ K; detection
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Particle Identification System at Belle
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Aerogel Cherenkov Counters

o Hydrophobic silica-aerogels
o n=101~1028 (barrel), 1.03 (endcap)

o 960 modules (barrel) ->1560 PMT's
o 228 modules (endcap) -> 228 PMT's
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Electromagnetic Calorimeter

--------

» 8736 CsI(T|) crystals with
photediode readout

> About 16.2 X0, inside solenoid
» Coverage from 12 to 155

n"—)w in hadronic events

o, = 4.75 +- 0.08 {(MeV/c?)
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CsI(T1) Crystals

2 PII\rI diodes S2744-08

Teflon+Al Ai'h Light output — 5000 ph.el./MeV
g P ox Electronics noise 6~200 KeV
e » H\Preamp

Acrylite




EMC
6580 CsI(TI) crystals

e* (3.1GeV

1.57T solenoid

DIRC (PID)
144 quartz bars
11000 PMs

e (9GeV)
il

Drift Chamber
24 stereo layers
16 axial layers

Silicon Vertex Tracker
5 layers, double sided strips

Instrumented Flux Return .
ron / RPCs (muon / neutral hadrons

SVT: vertexing and tracking: crucial for At and low p; tracks

DCH: main tracking device, also dE/dx for particle ID

DIRC: K-m separation > 3.4c for P < 3.5GeV/c

EMC: very good energy resolution; electron ID, n® and y reco.
~IFR:  Muon and neutral hadrons (K°) ID



Silicon Vertex Tracker

double-sided Si microstrip
detectors

S layers: 340 wafers, 150000
readout channels

20°< 6 <1580°

O point & 10-15 um for the inner
layers

Kevlar/carbon-fiber support rib
Carbon-fiber endpiece

Cooling ring

Carbon-fiber Upilex fanouts
supportcone | "o — Hybrid/readout |Cs
Beam pipe 2 30° ! .o 3s0mr h 4

*l 30 cm 4 40 cm h



Silicon Vertex Tracker (Babar vs Belle)

- ® AT=2Zcp— Uag
At ~ Azf(yBc)

e [nteraction Point 3> Az
B flight-length in x-y: only ~ 300

e C conservation in 1'(4S) — BB
w(r) =B > B> —|BY > B >

(one is BY and other is B” at any time)

The other B provides time reference and flavor tagging at Ar = 0

Parameters BaBar Belle
e7 e energy 3.1 x9GeV 3.5 x8.5GeV
vp 0.56 0.425
Interaction point (/i x v x ) [ 120mm x Sumx 8.5mm 80um x 2um x 3.4mm
Typical Az 260um 200um
o- (CP-side) 50 um T5um
0. (tag-side) 100 ~ 150 um 140 1m




DIRC

DIRC MECHANICAL COMPONENTS

« Detector of Internally
Reflected Cherenkov
light

UPPORT GUSSET [IRON]

UARTZ SECTOR ASSEMBELY

HORSECOLLAR [[RON)

144 quartz bars (1.5 cm thick)

11000 PMTs, 25-50
p.e./particle,

9mrad single photon resolution
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|dentification Performance

Charged K identified by
DIRC: Cerenkov angle
DCH: dE/dx (p <0.7 GeV/c)

Efficiency and purity measured on
control samples (soft pion tag)

D** > D%*, D9%— Kn*

-
2 09 il S
g "y *._BABAR
Lg 0.7 : D’ sample '°'+
8 0.6 —_——
o 1 2 3 4 5
>3.4c n/K separationup tor~
% 0.2
3.5 GeV/c a |
= 01 F
= _._4—0-"'-‘_".-"9‘_._.
E 0 ﬂm’ e N

0 | 2 3 4 5
Momentum (GeV/e)



CPV Analysis: Time Distribution
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Flavour tagging — dilution factor
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“Golden Mode” Event
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Luminosity
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sin2¢, = 0.642 £ 0.031 £ 0.017

sin2¢4 = 0.687 + 0.028 + 0.012
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Observation of large CIP violation
in the neutral B mesan system
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— IIIZIIZIZ{ZIIZIZIZIZIII&ZZIIZIZIIﬁéﬁﬁﬁﬁﬁIZZIZfﬁIIZIIIIZIZE
| /
Precise measurement of the CP violation
parameter sin2¢, in B’ (cc)K" decays
PRL 108,171804 (2012
2000 2005 2010

2008 Nobel Prize in Physics

Makoto Kobayashi
Toshihide Maskawa

for the discovery of the origin of the
<broken symmetry>which predicts the
existence"bfat-lgg_st three families of
quarks in nature T CP Violation
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