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CP:

the two
applied <
consec-

utively

Definitions and Background

Symmetry: Transformation of a system that does not change the
physics laws formulation for this system

The Parity P: Inversion of the spatial coordinates, 3—3» \ f
Image in a mirror r

The Charge conjugation C: Change of all the N q
charge quantum numbers into their opposite, ¢ r ¢

transforms a particle into its anti-particle

CP Violation < the world is not symmetric under CP transformation

In the Standard Model of Particle Physics (SM):

= C and P are symmetries of strong and electromagnetic interactions.
= C and P symmetries are violated by weak interaction

= CP symmetry is slightly violated by weak interaction

Eli Ben-Haim
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CP Violation with Escher’s Images

— e L S e — N i i

CP (anti-matter in a mirror)

P (mirror) C (anti-matter)

- . -

White geese fly right White geese fly left Whlte geese fly right

Analogy to weak interaction in the Standard Model.
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The CKM Matrix

e —

In the Quark sector: Week Int. eigenstates = Mass eigenstates

¢ Quarks that participate in weak /
processes are linear combinations / _
of mass eigenstates The CKM Matrix:
; . . d' Vud Vus Vub d
< Existence of 3X3 unitary matrix s | v, v. v, <
describing the mixing of quarks: x Vi, Vi. Vi 1
the CKM Matrix J M

CKM matrix Wolfenstein parameterization:
Vaa  Vus Vi -5 A AN (p—in)
Vea Ves Ve ~ —A e AN
Via Vis Vi 431)\3('1- —p—1n) _A}‘% I

"I E xpansion in powers of A at the order A3 with A =sin(04pippo) ~0-22

~ half of
the SM

6 quark masses 4 CKM parameters (Wolfenstein : A \A, p, n)
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From CKM Matrix to Unitarity Triangle

CKM matrix Wolfenstein parameterization:
TV{tLd L{u.g I"Fu b I = % A ‘_1}‘3(!'( ) — 17 / )
Vea| Vee | Ve ~ —A - AN?
Via| Vie | Vis ANY(1 = p—in) —ANE |

Verw Unitarity = \
* * N N A
ViudViyy, + VedV + thth =0 Q@i
oc)\? o< )3 VudVub b Via Vib
VeaVeb| i VeaVeb|
Other unitarity conditions (triangles) are i
difficult to use: Sides are very different. :
Try it with second and third columns... Y i BN
0 @ :

CP Violation is possible in the Standard Model only if
Ve IS complex < n = 0 & Unitarity Triangle is not flat

We want to determine p and n experimentally
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Examples of Weak Processes

BY (bd) , B°(bd) , Bt (bu) , B~ (bu)

s« Semileptonic Decay of B°

Provide information

on Vi, (Vo) b
d
s B? o B Oscillations
o (Vig VA2 o
_d
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More on B Oscillations

With the weak int. eigenstates: Oscillation frequency, width difference:

|BL) = p|B") + ¢|B) AMy =mp, —mp,
Br) = p|B°) — q|B°) ry=Tp, —Is,

Time evolution of a B meson that was a B° at t=0:

BO(¢)y = .—impt_—T,t/2 4———Decay term
Am t Am gt
d 0 .9 d o
Oscillation —» [COS ( 3 ) |B~) + i— sin ( 3 ) | B™)
term p

Competition between oscillation and decay

To study oscillations, need to identify the species of the B meson at time t=0.
To follow its time evolution, need to measure time.
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Two Types of CP Violation

= Direct CP Violation: B — f # B — f, with f # f
® To measure Iit, only need to count events.
Rates are different <> CP is violated
¢ Only type of CP violation for charged B mesons

s (CP violation in the interference —
B f# BV~ f

between decay and mixing:
Analogy to “Double-Slit” experiment

Direct decay,~ AT T~y
BO fop
Mlxmgk Ef\z——’/

In the B experiment, we must choose final
: : states into which both a 5 and a B° can decay.
In the double-slit experiment, there are ) : :
two paths to the same point on the screen We perform the B experiment twice (starting
" from B and from B9). We then compare the

results.

I
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How to Get p and n) from Experiments?

— ey L ek L3 T il o
_

Tl b s P Oscillations

B decays

a
A

~ Form Factors,

=P
Theory Error
small !

HfromPenguins
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The Unitarity Triangle Fit

— sireing i e N i i

= Quantify CP Violation within
the Standard Model with
precision measurements of its
angles and sides

= Test the Standard Model, by
over- constraining the
Unitarity Triangle with
redundant measurements. If
there is New Physics (not
described by the Standard
Model), we might see some
incompatibilities between
several independent
measurements of the same
parameter of the UT.

g

1 L
E] 05 o0s

p
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Intermediate Summary, What do We know by Now?

= CP and CP violation
s CKM Matrix and the Unitarity Triangle
= B mixing

= Goals and motivations for studying CP violation:

¢ Constrain the Standard Model by measuring its free parameters.
Flavor sector in one of its less known parts before B-Factories

® Test the Standard Model and eventually challenge it by showing
discrepancies between several measurements of the same
parameters = a window for discovery of New Physics

® Jtis also one of the necessary conditions to explain matter-
antimatter asymmetry in the universe | sakharov, JETP Lett. 5, 24 (1967).
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B-Factories

= s ce——— | e —

= Experiments designed for precision measurements of CP violation in the B
meson (and Charm) sector

= Two active B-Factories experiments:
e BaBar, in Stanford Linear Accelerator Center (California)
e Belle, in KEKB (Japan)

= The BaBar experiment:

e~ (9GeV)/eT (3.1 GeV) collision
ECM = m(T(4S)) = 10.58 GeV R
ete” — 1(4S) — B/B S
almost at rest in the CM frame w e

boost of 77(4S) with By = 0.56 =

BBBBBBBBBBB
\

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

IIIIIII

nnnnnnnnnnnnn

(upgrade of existing ring) )
Both Rings Housed in Current PEP Tunnel _é
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Time Dependent Measurements, Flavor Tagging

K+
Coherent BB B it//vV
production s B
ki 0
€  — c J/’w ﬂ+
_ — Brec Kg 4
e'e” — Y(4S) — B°B° %<<
o+

Two boosted B mesons are produced in a coherent state "
= until the first B decay, there is exactly one B® and one BY

By ~0.56

At=1.6 ps < Az =200, 250 um

Problem:

If we want to study a decay BY & f

Where f is also accessible by an anti-B° BO — f
And we want to see if BO — f ?é B_() N f

We need to find a clever way to know the B flavor

Eli Ben-Haim ECT* Trento, June 27th 2007
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Time Dependent Measurements, Flavor Tagging

€+

wt Exclusive
o ‘il B meson
K reconstruction
_ T
7
At=t . —t,, ®AzZ/Byc
Solution:
* There is coherent evolution until B,,, decays
* At t,,, the flavor of B, is the opposite of the B,'s flavor
* B,.c,’S flavor determined from B,,,'s flavor and At

reco _ tag
* Boost: At measured via space length measurement between B,, and B, Az

* Flavor of the B,,, determined by its decay product: charge of leptons, K, =«
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Measurement of sin(2B) with B — Jhy K

-

= Final state accessible to B® and B® = Time dependent asymmetry:

F(B°(t) » J/wKy)-T(B(t) > I /yKS) [l B
A”’”@(t)%,,,,@,+ ZOESIIe ism(Amdt) %}:os(Amdt)

Indirect direct
f{zoo
Z b C
Ny _J/
é Eod \< C v
= S _

_ S ko

. d d
‘g 0.5
% of ~only one amplitude
= f _
S-05 C, =0

S; =1 SIN2M

— Extraction of sin(2p) from A,
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Measurement of sin(2B) with B — Jhy K

= Benefits from a large data sample
= Sin(2p) gives the best constraint on p-n plane

(

_ i I L 1 I 1
0'?0.2 0 02 04 06 08 1

- L ]
sin(2B) = sin(2¢,) FE b—ces C,, HEYA
1 PRELIMINARY R PRELIMINARY

BaBar 5 0.049 £ 0.022+0.017

BaBar 0.(14 +0.032+0.018 i - e

hep-ex/0703021 hep-ex/0703021 :
Belle i -0.018 + 0.021 +0.014
H 642 +0.031 £ 0. :

Belle 0.642 +0.031 £ 0.017 | ! |

PRL 98 (2007) 031802 PRL 98 (2007) 031802 |

Average 0.678 +0.026 > Average i 0.012 +0.020

HFAG HFAG :

0.5 0.6 0.7 0.8 \.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 004 006 0.08 0.1

‘ sin(2B) # 0 = non flat triangle i.e. CP violation
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_ . _ i B=t, E=R
= This measurement is theoretically clean (at 1%) AR o

d 2007
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Measurement of sin(2p) with “s Penguins”

W, E
K %, Sln(ZB ) = S (2(])1 ) Moriond 2007
b " - E PRELIMINARY
B0 S b—>ccs __WorIdAverage 0.68+0.03 |
B < S g BaBar : 0.12+0.31+0.10
- - < Belle ! 0.50 +0.21 + 0.08
d d Y BaBar 0.58 + 0.10 + 0.03
- = Belle L 064£0.10+004
9 ;ﬂ BaBar | © 0.7140.24+0.04
T » Belle } 0.30+0.32+0.08
- b LR s 5 »  BaBar 0.33 £ 0.26 + 0.04
% Belle : ' 0.33+0.35+0.08
p°K,  BaBar | © 02040524024
»  BaBar 0.62 1925+ 0,02
8 Belle 0.11 4 0.46 + 0.07
o, BaBar 0.62+0.23
0 ' X ] '
a 60: B —1 KS ~° Belle : 0.18+023+0.11
o~ 40f +-1384 M BB | |*'7°K, BaBar— L 0.72+071£0.08
P : % BaBar Q2B 0.41:40.18 4 0.07 0.1
- 20 v o B : : +0.21
2 i ; { Belle 058 £0.15+0.03 37}
0 G . b-qgs Naive average . 0.53 +0.05
205 -E 0.5 . 2 1 0 1 2
m b gy :
E 0 E ﬂlj\ﬁ\\; ) )
305 2051 : Tensions between sin2f3 from
X . : : , g
75 5 25 0 25 5 75 Y A S b—>ccs and b%qqs
-£,At(ps) -3 0 5
At (ps)
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B% Oscillations: Am, Measurement at the TeVatron

Amy= 0.509 + 0.006 ps™ I unmixed
Amg ~ 30 X Am, ]

mixed
— Rapid oscillations for B
Behavior in proper time

P(t)go_, g0 = 2=€7"*(1 + cos Amt)

o
™

o
2

total

| Ih a perfect world

probability density
o
I

o
e

P(t)go_ 50 = 2:€ *(1 — cos Amt) | BUT
ol
In this case, they are able to determine 0
the flavor at decay and at production They do not have the
| .{F sensitivity to measure
Determine asymmetry £ 1 it this way.
: ; £ 0.5
_ N upmixed=N mixed _ __ = 11
AO(F) — N unmixed*NOmixea St E D—: III Yl
/[T O T R Y ||I',|'||I
~“unmixed”: same flavor at decayand (8,1 | | |/ |/ | Y.
==

at production

*“mixed”: different flavor _
proper decay time, t [ps]
Eli Ben-Haim ECT* Trento, June 27th 2007
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Am, Measurement: Fourier Analysis

0.8-
Two domains to fit for oscillation: %u_?f . . .
time domain analysis

—total
—unmixed

Time domain:
= fit for Amsin P(t) ~ (1 + DcosAmst) =02

0.1?
Frequency domain: amplitude scan 8o~ 05 tecay time, pe.
= |ntroduce amplitude: g1.5¢
2 | frequency domain analysis
P(t) ~ (1 £ aD cos Amst) I

= fit for 2 at different Amg

— obtain frequency spectrum

= tfrue Ams = a=1,¢else 2 =0

= traditionally used for B2 mixing search _

— easy to combine experiments e
flavor oscillation frequency

Courtesy of G. Gomes-Ceballos, FPCP 2006, Vancouver, Canada
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Am, Measurement at the TeVatron: Result

Am, =

Eli Ben-Haim

25 ————F
- CDF2 observation (2006)
r + datatlc & 95% CL limit 172 ps* 1
- lédsc o sensitivity  3L0ps’

LS - I data*L6d5o
] data + L6485 G istat only)

0 .‘-._:: '!I . l-:“ “l 1 JI

= {——
1l

T I 1

il

0.5
1L 4
: "
1.5 : =
0 5 10 15 20 25 30

-1

Am_(ps )

CDF obtained the first

direct evidence of Am,
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17.77 + 0.10 (stat) + 0.07 ps
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= Analogy: coupled Harmonic Oscillator

= Oscillations (mixing) characterized by mass
and lifetime differences between the two
eigenstates of weak interaction.

s Differences between flavors:

® K: very different states

® B, Oscillation and decay are comparable

e B_: Rapid oscillations

......

Mind the
scales!
BHEAVY
1 18 2
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Comparison of K, B, and B, Oscillations

K

300
250
I<LONG
2001

150

100

KSHORT
/ﬂ\
- =
-0.006 -0.004 -0.002 0 0.002 0.004 O0.006
E-E, (h/ps)
[53 1
S
U'Br (Doscillation
0.6 > ¢
1/(life time)
0.4
g
0 15 20

é fD
E-E, (W/ps)
22



D-Oscillations are now Measured

= An experimental challenge!

= Both BaBar and Belle observed mixing
(Winter 2007)

SM: D mixing
expected at

= Results are consistent with SM < 1% level

s Charm: only place where CP violation with
down-type quarks in the mixing diagram can

be explored. —————

s No evidence for CP >0.04 -
violation X = ml o mz 0.03%
« We need more I o0z
Measurements with y = I -1, o
different techniques 2T of
togetxandy oot
parameters. 0.021
I . (rl +1I ) -0.032—

No-mixing point
excluded at 5.7

:I 11 1 I | - I | - I | I I | I | I I | I L1 1 I 11 1 II _50

X= (8 7+3 3)x10 3
y=(6.7£2.1)x103

I
qIIII|IIII|IIII|IIII|IIII|IIII

— 20

|
w
Q

0% 0s 003 0.
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X
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Summary and Conclusions (1)

~Back to the Unitarity Triangle Fit

N i i

1.51 | Ildeld | |hw (;L>|‘0|95|! LN N R AL B BB . In thiS talk I have Only focused
I \% 1 of afew recent results on CP
violation

= After many results from B-
Factories and measurement of
Am, by CDF All the
Independent constraints
superimpose in a small region

%\ — of the (p,m) plane!

-1.5_IIII|\III|\III|IIII|IIII 3
-1 0.5 0 0.5 1 1.5 2

)< s Great success of the Standard
CKMfitter Group Eur. Phys. J. C41, 1-131 (2005) Model and the CKM Picture
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Summary and Conclusions (ll)

~Back to the Unitarity Triangle Fit

e il o

UTsz = There are still small tensions In
the fit

.| = However, if there is physics

2 beyond the Standard Model, the
present results constrain it
strongly

= Possible New Physics scenarios
are likely to have a similar
y flavor structure similar to the
one of the SM (MFV models).

= Eventual New physics should
appear as “corrections” to the

T 00 T CKM picture.
UTfit Collaboration hep-ph/0606167 P

- There is room for additional effort in the Flavor sector
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| would like to thank Julie Malcles and Achille Stocchi, who authorized
me to use materiel which has greatly benefited this talk
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