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Introduction

CP violation has been so far observed only in the K system

The K-decay observations, together with other measurements,
place constraints on the parameters of the CKM matrix

Many CP-violating effects are expected in B decays: some
cleanly predicted by the Standard Model.

If enough independent observations of CP violation in B decays
can be made, it will be possible to test the Standard Model
predictions for CP violation.

CP violation can be related to the disappearance of antimatter
from the Universe



Charge Conjugation C interchanges particles and antiparticles

Parity P sends (t, x) -> (t, -X)

Electromagnetic and strong interactions are symmetric w.r.t.
C and P separately

Weak interactions violate C and P separately



CP transformation properties:

Lol .-‘T .-ﬁ.-r.- f _'I o~ 4, I'I'| T1 Y j'-""-'r.- .
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term H A W=k 0,

C'P—transformed term  H —-A —(=1)'WT (=1)k0,

(-1)* =1 for =0, (-1} = -1 for p=1,2,3
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Each combination of fields and derivatives that appears in the
Lagrangian transforms under CP to its hermitian conjugate

There are coefficients in front of these expressions which repre-
sent either coupling constants or particle masses

If any of these quantities are complex, then theoefficients in
front of CP-related terms are complex conjugate®f each other.

In such a case, CP is not necessarily a good symmetry of the
Lagrangian.

There can be CP-violating effects, namelgate differences
between pairs of CP conjugate processes



Mixing of Neutral B Mesons

An arbitrary linear combination of the neutral B-meson flavor
eigenstates

a|B% + b|B"),

() =# () =0r-30 ()

IS governed by a time-dependent Schrodinger equation
M and " are 2x2 Hermitian matrices



The light B, and heavy By mass eigenstates are given by:
Br) = p|B°) | q|B)
By) = p B") — ¢|B")
al* + |p* = 1.

The mass differencéAmg and width difference Al g between
the neutral B mesons are:

ﬁ'ﬂlﬁ = ﬂ-fﬂ — ﬂ-ﬂrﬁ_, ﬁFB = FH — FL



Finding the eigenvalues one gets:

1 m : 1 :
(Amp)? — :l(ﬁFB}E = 4(| M)?* - 1|FL2|2)

AmpAl'p = 4Re(M5T'7,).

¢ _ _Amp = ATy (M} - 4Ty

p~ 2(My—1ilTyp)~  Amp— LAl




Al'g has never been measured. Expected O(i))

From B mixing:
AmB/FB ~0.7

One can assume:
AFB << AmB

and the expressions of the previous slide become:

Amp =2

ﬂ-‘fﬂh ﬁFB =2 Rf“(Jflngi))/Hflﬂ
Q’/ﬁ — —|ﬂ-f12 /.?r;i!rlg.




The time evolution of a a state that at t=0 is a pure BB°)
IS:

B (D) = 9-(0)|B%) + (¢/p)g-(1)|B"),

B () = (/) g-(8)|BY) + g1 (1) B").

g+ (t) = emMe T2 cog(Amp t/2),

g_(t) = e”™Mte 20 gin(Amp t/2),

M = 1/2(M+ M, )



Formalism for Coherent BB states

At e* e collider, at the energy of the Y(4S), the Band B®
mesons are produced in @oherent L=1 state

Until one decays, there is exactly one’8and one B°

Once one particle decays, the other continues to evolve and

events with two B (or two BY) decays are possible with proba-
bility governed by the time between the two decay



Two B, coming from Y decay, are identified by the anglé that
they make with the édirection in the Y rest frame:

S(tpty) = %{ phys (705 0) Bphvs(tf“ —0,6+m)

—Bph,_ (tp, 0, 0)Boyys(te, ™ — 6,6 + )} sin(6)

Using the expressions for B evolution:
1 —_ y 3 ' 1 I i U U
S(ty.ty) = Lpe /D) (cos[Amy (t, — t,)/2)(BYB, — B} By)

—isin[Amp(t; — t,)/2](EBYBY — 4B, D))} sin(f)),
where:
B: is moving forward ( 6; < 172, ®)
B, is moving backward (11— 0; , ® + 1)



The amplitude for one B decaying to the state fat time t; and
the other B decaying to the state,fat time t, s :

A(fl, fg) = ﬁf_(rﬁ_l_ﬁﬂ{h_l_ii fl,fn {EDE[_\THE — fg}/2] 4.1 4.1 — 4.1 4.-1)

—isin[Amp(t — t2)/2, (2414, — 24, A5) } sin(6),

where:
A; is the amplitude for a B to decay to the state f

A, is the amplitude for aB to decay to the same state f

- [+ b=ty e =,
':':(tl-‘tg)_ {—1 t :tb: ti:tf



The time dependent rate can be written as:
R(t1, ts) = Ce T2 1 (14,12 + |12 (| As|? + |Ha]?) — 4}%(3‘%_4121; m%.a;zg)
_cos(Amp(t; — ta)[(| AL — |AL?) (| Az|? — [Aaf?) + 4:{-”?,(1%&13) Im{EA;EE}]
+2sin(Amp (¢ — tz})[Im(%AIEﬂ{ Asl? — | )?) = (JAL? - |T4’1|Earmtjgﬂgzﬂ]}.

To search for CP violation, one looks for event in which:
» one B decays to a CP eigenstatgdat time t;cp

e the other B decays to a tagging mode with A= 0 or A, = 0 at
time ty,q



If we take a tagging mode with A = 0 andA, = A,,, the other

B is identified as a B at time t, = ttag - True also If fep< taq
The rate reduces to:

R(tt‘ﬂg! th“P} — OE_FHHE_H{T) |EL&E|E|Afr:'P |2{1 + )\fr_‘?P |2

‘|“?05[-ﬁ?”B(£fr:P — II-‘tau_l ] |)|lfLP ) = 2‘-1111[&3’1?5 !fL"’P - L’E&E)]I}'”‘(}‘fﬂp)}
where:
)\f — ¢ Afep 'lch = ey~ 4?::?
“Cp Asep {'Pf} "4fr:'P

Afer = Ner 4?.:@

Ncp IS the CP eigenvalues of the statgf



For the case withA,=0and A, = Atag the other B is identified

as aB at time ttag @nd the sign of the cosine and sine terms are
reversed in the expression above.

The time dependent CP asymmetry :

 D(BY(t) = feop) = D(Boyys(t) = for)

Afep = . o
. F(Bphxs( — fl"P) T r(ﬁﬂhﬁ?s“) — fﬂp)

can be written as:

(1—1|X\ Jcos(Ampt) — 2Zm A ﬁ]ﬂ(i???gf)
a _ ffP fop®
for = T+ Ther P -




CP Violation in B Decays

The possible manifestations of CP violation can be classified in
a model-independent way:

« CP violation in decay, which occurs in both charged and neu-
tral decays, when the amplitude for a decay and its CP conju-
gate process have different magnitudes

e CP violation in mixing, which occurs when the two neutral
mass eigenstates cannot be chosen to be CP eigenstates

e CP violation in the interference between decays with and
without mixing, which occurs in decays into final states that

are common to B and BY



CP Violation in Decay

Each contribution to A can be written in three parts: its magni-
tude A, its weak-phase term &, and its strong phase term ©

If several amplitudes contribute to B’-> f, the amplitude A¢ and
the CP conjugate amplitudeAs are given by:

A ;= Z A, E:'nflrﬁi‘l'ﬁn"iij! E? — 2i(Er=¢B) Z i_r_i_iﬂ.ﬁ-wf_ b)
i -
where:

CP |B%> = ¢ B> CPB% = g% |B%
CP |f> =& [f > CPf|> = &2 | >



The interesting quantity Is:

E_T

A,

T, Ajetldi=ei)
Y Aeilfi 1)

Az/A;l #1 = CP violation.

This type of CP violation is calledCP violation in decay
or direct CP violation.

It results from the CP-violating interference among various
terms in the decay amplitude.



CP Violation in Mixing

A quantity that is independent of phase conventions and physi-
cally meaningful is:

2 1 .k 1T %
i1”-'{12 — 9412

B |ﬂ-f12 — 4T,

4
p

When CP is conserved, the mass eigenstates must be CP eigen-
states. In that case the relative phase between,;Mand [ {5

vanishes

q/p|#1 == CP violation.



This type of CP violation is here calledCP violation in mixing;
It Is often referred to asindirect CP violation.

It results from the mass eigenstates being different from the CP
eigenstatesCP violation in mixing has been observed unambig-
uously in the neutral kaon system.

For the neutral B system, this effect could be observed through
the asymmetries in semileptonic decays:

(B (1) = (10 X) = T(BY (1) = (-0 X)
[]11"&3( ) — {—FF’JY) —|_ F{Bplns( ) — € V. \;]

Expected to be small



CP Violation in the Interference Between
Decays With and Without Mixing

CP eigenstates,dp , are accessible in both Band B® decays.
Let’'s consider:

A=+l =— (P violation



It is possible that, to a good approximation, |g/p| = 1 and
|AJ/A| = 1 and still have CP violation:

Al=1, ImA0.

This type of CP violation is calledCP violation in the interfer-
ence between decays with and without mixing

The asymmetry :

FLthH(ﬂ — ﬁjp) — F(B I;
_ﬂ

D(Boye (1) = for) + T(Bopnlt) — for)

Afrp =



that usually is:

(1= |App[?) cos(Ampt) = 2Im Ay, sin( _ngt)
1+ |;\J‘1-:‘*P|2

reduces to:

Cfop = —IM Ajop sin(Amp 1)

When it occurs with no CP violation in decay, CP violation in
the interference between decays with and without mixing can
be cleanly related to Lagrangian parameters



CP violation in the Standard Model

SM accounts for flavor changing quark transition through the
coupling of the V-A charged current operator to a W boson:

ﬁimt — _i

5 TWE+ THW,),

where:

=ZVJF—Z1W (1 — ) Vigd;.

Vjj are the elements of th&€KM matrix
l, ] run on the three quark generations



Amplitudes for d; -> W u; or u ->W d; are proportional
to Vj;

Amplitudes for d, -> W u; or u; -> W' d; are proportional
to V¥

CKM matrix can be regarded as a rotation from the quark
mass eigenstates (d, s, b) to a set of new states (d’, s’, b’) with
diagonal coupling to u, c, t

d.r Hﬁd E}. 5 H}.ﬁ d
g l=1 Ve Voo Va 3
o Vie Vi Vi b



A n X n complex matrix has2n? real parameters

Unitarity gives n constraints for the normalization of each col-
umn and n(n-1) constraints from the orthogonality between

each pair of columns A unitary matrix has n? Indipendent real
parameters

Of these1/2xn(n-1) are real rotation angle, the others are phases

The freedom to select the phases of the quark field can be used
to absorb 2n - 1 phases of the CKM matrix

The number of physical parameters g1 - (2n -1) = (n-1¥%

With 3 generations: 3 real rotation angle and 1 phase



Conditions to have CP violation:

angles different fromO, 172,

phase different fromO, 1t
(mi —m2)(m2 = m2)(m; —m2)(mi —m?)(ms —m3)(m; —m3) # 0
at least 3 generations

J defined by:

3
TN TEYSE]
Iﬁl[ﬂﬂ*hﬂ“ﬂ ’Iagj] =.J Z CikmEiin

m,n=1

must be different from zero



A standard parametrisation of CKM matrix uses the set of
angleselz, 923, 913 and 613

>y
12013 5123 Biag 1
_ b1 b1
V = | —51200a — 19823813 €1a003 — 810809381271 523013
i8 is
812803 — C12fpalS1a % —(19803 — 819003813l Coalt13
where:

C1o = C09qo, Sy = SiMy,,. . .

The phased, 3 produces the CP violation
In this parametrization:

J = ['.']_2['.'23[?%3 512593513 sin 0.



Wolfenstein parametrization:
expansion in the paramete\ = sinB: ~ 0.22

Hﬁd H}. 5 H}.ﬁ
V = I"::d I":‘:s v:r:h

Via Vie Vi
1— %AE A AM (p—in)
— —A 1— 1) AN + O
AN (L —p—in) —AN 1

S12 = /\’i.? S93 = ..*i.‘(/"\lgj 5133_.?."5 = AH(P _ ”?)

In this parametrization:
J=AnA°



Unitarity conditions coming from inner products between the
columns, can be written as:

VaaVi, T VeaVy, + ViaVy, =0
VaudVy + VeaVig + ViaVig =0

and can be rapresented as triangles in the complex plane
Expressing them in powers oh

OA) + O + O(X°)
O + 0% + O®)
O + O + O()?)

e
[l
o @ o

Bt =L
e —

o S

)



The Unitary Triangles:
e are equal in area
e the area is |J|/2

In the first and in the third triangles, one side is much shorter
than the other two.

CP violation is small in the leading K decays (the first triangle)
and in the leading B decays (the third triangle).

The most exciting physics of CP violation lies in the B system,
related to the second triangle.The openness of this triangle pre-
dicts large CP asymmetries in B decays.

It is usually referred as “the Unitarity T riangle”




1TAPA




The rescaled Unitarity Triangle is derived
» choosing a phase convention such th@t .,V* ., ) Is real

e dividing the lengths of all sides by|V .4V* o |

Two vertices of the rescaled Unitarity Triangle are thus fixed at
(0,0)and (1,0).

The coordinates of the remaining vertex ar¢p,n)

The angles are:

o = arg [_ VeV i ] , G =arg [_ I;.Edhb]

Via Vi ViaVii
S A7 I
o VeV | -



Three ways to determine the CKM elements:
 direct measurements

 Indirect measurements

e unitarity condition

Direct measurement:
* Nuclear beta decays -V, (]

« Semileptonic kaons and hyperon decays ¥4

e v production of charm -> |Vl

« Semileptonic D decays -}V{

« Semileptonic B decays -}V

e Spectrum endpoint in semileptonic B decays -}V p/V ol

Indirect measurements:
« BOBY mixing ->|V "y, Viql



Taking into account all information:

A= 0.2205 £ (0.0018, A =0.826-1 (.041.

—15 < p < 035, +0.20 < ¢ < +0.45,

0.4 <sin23<0.8 —09<sin2e<1.0, 023 < sin? v < 1.0,

From CP asymmetries it’s possible, in principle,
to extracta, (3, v



CP violation and B decay amplitude

Most b decay amplitude have contributions from Tree and
Penguin diagrams

A(ces) = (Teos + Py — PiYVa V5 + (PY — PHVLVY,
A(uﬂs) e (P;: — P:}Vﬂhvc': + (Tuﬁs + P;:‘ — P.:)Vubv;g

Aletd) = (Py— PRI\VieVig + (Teea + P§ — PHYV4VE,

A(uiid) = (P — POV Vi + (Tuaa + PY — POV, VY



ssureddei umaua, | (1D

16

Lheh
+ A

zh M ..__ﬁf

b ISIRIGRI(T 324,



In the B mesons:
e CP violation in decay is expected to be small and can be

ignored in hadronic decays
 Direct CP violation requires at least two contribution with

different weak and strong phases
o CP violation from interference of decays with and without
mixing has clear relationship between asymmetries and CKM

parameters

In many decays direct CP violation and CP violation from
interference of decays with and without mixing are both

present.
Decays with small direct CP violation are of great interest

According to their amplitude structure, B decays can be classi-
fled in different classes:



Decays dominated by a single terob -> ccs, b->ss
SM predicts small direct CP violation effect
B->JUK, B->¢K

Decays with a small second termb -> ccd, b->uud

Depending on the relative size of Tree and Penguin contribu-
tions, direct CP violation can play a non negligible role
B->DD, B->1ut

Decays with suppressed tree contributionb->uus
Tree suppressed by CKM matrix element
B->pK

Decays with no Tree contribution b->ssd
Interference between Penguin with quark of different charge in
the loopB -> KK



Modes that can be used to measuifé
B ->JWK® B->JpK* (with K* -> K o0)

Br(B -> JW K% ~ 5104,  Br(B -> JW K*) ~ 1.4*103
Jhgs




Dominant penguin has the same weak phase as the tree. The
term with different phase is a Cabibbo-suppressed penguin.
Small Direct CP violation. Clean extraction of angl€3

For example for B -> Jb Ks (the “golden mode”)

ViVig\ [ Va Ve [ VAV
B —_ thYtd ch¥ea cd ¥Yoa
e oers = - (55 (Vi) (v

ImAypks = sin(25)

The CP of the two body state depends on relative angular

momentum as (-1}

For B -> JAp K* the final state is a mixture of odd and even CP.
An angular analysis is needed to separate amplitudes of definite
CP



B->D'D, B->D*D*(with D*->D"m)
Br(B -> D' D) ~ 4*10%, Br(B -> D*D*) ~ 10°

D.D"

C d
b §V |
BY [ ] D", D"

d d

Tree amplitude i1s Cabibbo suppressed. Penguin Diagrams con-
tribution (with different phase) is potentially significant.

Direct CP violation can play a role

In addition, for the VV case ( D* D*), anangular analysis is
needed to separate amplitude of definite CP



0
B->¢p K", B->@ K* b M <

Br(B->pK°) . s
Bqg

Br(B->@ K*) < 2*107° s

No Tree contribution. Two groups of Penguins with different
phases, one group is Cabibbo-suppressed. Ignoring the
Cabibbo-suppressed term:

| ViaVie\ (VaVi (Vv
MBy— ¢Kg) = — | L) (el (el oo
- oo = - () (7273 ) (s

ImA(By — ¢Kg) = sin2f .




Modes that can be used to measuie

B->T10 0
Br(B ->1t" 1) ~ 5*10°

-'f'..':u e § o3
W d.3 AT q
i = [
b u g8 g ( a
0
B .B
u,d ud ud v, d




Penguin terms have phase different from the Tree contributions
Neglecting penguins:

_ Vi Via V. Vs _
MB o atw =(Lt)( “d") = TmA,, = sin{2on

Recent CLEO results suggest that Penguin contribution is sig-
nificant

Possible solution: measure rates for Isospin related channels:

B* >, B -> 10 10

and perform an Isospin Analysis



Basic idea:

Isospin amplitudes Ay 1 can be labelled byAl value of quark
decay and by } of final state

Gluon is pure 1=0, so the dominant gluonic penguin (b->d) is
pure Al=1/2

Tree level b->wd have bothAl=3/2 and Al=1/2

If the Al=3/2 piece can be isolated, then the tree contribution,
that contains the weak phase to be measured, is isolated

AD - mir0) = ¥R A2
4(5’“ = TTMT) = = Ay — /_41;20
A(Bﬂ r ?') Efiaﬁ,z | \/;Al;’-’,ﬂ




B->pm (it 1° final staté

B->pp, B-> g (4mtfinal state

Decay modes not yet observed (expected Br <20
Require Isospin analysis

pp requires also angular analysis to separate CP even and CP
odd amplitude



Modes that can be used to measunre

Direct measurements oly are difficult

B™ -> DK

Relation between amplitude inB,, 4-> Kt

Partial reconstruction of B4 -> D®)1tto extract sin(23+y)



Experimental Requirements to Search for
CP violation

Interesting modes have small branching ratio O(lﬁ) : O(106):
e you need a lot of B

B->f-p decays must be fully reconstructed:
 high tracking efficiency

e good vertexing to have good mass resolution

e good particle identification capability to distinguish among
different modes and reject background

« v and 1° reconstruction

« identify neutral hadron (K )



the other B must be tagged as Bor BY
e you need particle ID capability

To study the time dependence, one need to measure the distance
Az between the two B decay:
e very good vertexing

You have to process a lot of data (BaBar: 300KB/event at ~100
Hz):

e a robust computing model

« well designed and well coded software



