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[0 CP violation: meson mixing, classification of CPV effects
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Effective Hamiltonian approach

miyy/ perturbative = integrate out:

L CW%

%{_J
) not dependent on ¢
the external states

mb dependence on external states (possibly non-perturbative)

m2
AB—X) = 3 Ci(w) (X]0:{(w)|B) +0 (—é’)
my,



Advantage 1: improved perturbation theory
O A generic amplitude at the 1-loop level looks like:

A — f) ~ 14+as(1+L)+a?(1+L+L?)+0(a2)

where L = log m%f/ﬁgxt

2 2 5
d We can write aslog 2” — aslog iz‘ + as log ‘L;—
Pext . H b pextJ

C(n)  {flO(w)d)
O Using the fact that A(i=>f) is u independent, we can write a RGE for C(n),
whose solution resums all these logarithms:

dC(p) _
diogn ) C(p) —— C(p)=C(uo) (

O Now we can choose /o ~ O(my) in order to minimize the logs in C(ug)
and up ~ O(my)to minimize the logs in (f]O (1) |7

as(po) 9_%
Al — 1) =c<u0)(; 4 ‘j)) " F0Gul

as(pg) ) %6
as(u)




Advantage 2: separation of short and long distance

O The Wilson coefficients do not depend on the external states

O Since the matrix elements of the various operators are dominated by large
distance physics, new physics can enter only by:
1. modifying the Wilson coefficients
2. inducing new operators

f 5 b W 5
> PP A

SM Supersymmetry SUSY at large tan(p)

—

05 = (bpa)(bLar)
O = (brar)(brar)

OVEE = (bryuarn)(br'ar)






Introduction

 Associated to complex parameters:

g2 =]
L = —/2 L?n’}uL"r’ﬁ wa+ +V, bLﬁf’uuLW
_ g2
CPL (CP) =— _\/5 Vm’;:er}’ uLW +V, LbuL f#bLW-I_
L=CPL (Cﬁf J) ! = 1‘";;{; — 1‘";.3;%:’:

O CPV appears only in weak interactions and together with flavor changing
interactions

d The CPV phase in the Standard Model is large



CP violation in meson decays
1. CPV in mixing

, itis pOSSIb|e to measure CPV in decays to final states
accessible only to B%r BY

2. CPV in decay
r(B—f)#M(B—f)
A(B = f) = ZAkEi(é;;+¢m-) — A(B — f) = ZAkEi(t‘ik—tﬁk)

from QCD J L from CKM

3. CPV in the interference of decays with and without mixing



Meson mixing
O Let’s consider two states that at t = O are pure BYand BY:

d (1BOYY /., I [|1BO(t))
‘dt (|B°<t)>) = (M = 35) ( BO(t)) )

mass matrix decay matrix

d CPT: Mij1 =Moysand Il 11 =199
Hermiticity: My, = M5 and 15 =5,

O The mass eigenstates are (|p|? + |g|° = 1):

Mp.T : |Bp)=p|B% + ¢|B°)
My, Ty : |By) =p|BY% — ¢|BY

My — My

(Mp + M;)/2 = My Am
(Frp+Tg)/2=rI1 Al

m
r



Time evolution of weak eigenstates

J The time evolution of these states is:
|Bu.(t)) = 6_(1'MH’L+TH=L/M|BH,L}

 Let us consider a state that is a pure B9 att = 0:

1B% = (|BL)+ |Bu))/2p
1B% = (|BL) —|Bu))/24
J At some time t it will be:

i {e_i'iLfLi_rLt/!2|BL> + e—’i-ﬂfth—rHtleBH>}

1BO(1)) =

L Expressing everything in terms of the weak eigenstates:

BO(t)) = g, (1)|B% + §9_<t>|éo>



Time evolution of weak eigenstates contd
O Similarly:

1BO(t)) = g+(t>|B°>+§g_(t)|E°>

BO()) = gg_(tnB% + g4 ()|B%

where

ey = e Tt 107 cosh ? cos— i sinh &:f sin &:’t]

g (1) = et o=Tt/2|_gjnp % cos + i cosh Aalt i Amt}
d CPV in mixing:

1BY ... S B1B% = B=(g/p) 9—(t)

B ......t...... BIBY) =B =(p/q)g-(t)

2
I,@|;é|/3[®§ £ 1




Meson mixing parameters

d Dispersive and absorbitive parts of AB=2 diagrams yield M,, and I';,

O Explicit solution of the eigenvalue equation for M-i I'/2 are:

1
2 2 , 2 | =
(Am)* — 4(,&r) = 4|Mqp|° — |12
Am AT = —4Re(A flzfig)
D Am + (AT /2

[ These expressions are valid for any kind of meson mixing: K, D, B, and B,



The B mixing case

O In the B mixing system, there is empirical evidence for:

IEPIRS

ﬂf]_2| and Al < Am

O Ingeneral |I"12] < I, because the former stems from final states that are
common to B%and BY

d B, case. _
Experimental evidence shows that ', < Amp, = |[{,5]| < Amp,

d B, case.
Decays to final states common to B%and B° have BR in the 10 range.
We can assume that their combined effect will be in the 10-2 range:

|AT ,|/T B, = O(107%)
Using Amp, ~ 0.75[ g, we obtain:

| r({2| < ﬂ??b;;hi.



The B mixing case cont'd




Time-dependent decay rates

d Given a final state f, Iet us introduce the two amplitudes A, = {fIHq|BY)
and Ay = {fIH4|B®Y, and the quantity:

/\f qu__ﬂ,fi*‘g AJ:‘ [1—310‘] rlgi
pAg Mo Ay 2 Mo
H_J
a
d Master equations:
14 [Af]? ATt 1|2

r(BO(t) — f) = NylAgPe cosh =~ cos(Amt)

—Re\sinh %—Im,\f sin(&mt)}

= 1+ |2f]? "t 1 — |22
(8% — f) = Nf|Af|2(1 a)e_“{ +; f! cosh &QH— |2 f! cos(Amt)
—Re/\fsmhg—l—fmkfsm(ﬂmt)}




The three types of CP violation

O There are three quantities that drive CPV effects:
Af
Af

_ a4y
pAg

?

q
1 —
D /

O CPVin mixing: |q/p| # 1
O CPV in decay: |Ef/Af] + 1

O CPVin the interference between decay and mixing: A ¢ +* +1



CPV In mixing

—_—

# 1

~ [2M1o — il 15

‘9
P

5 ‘QM;*Q —il%,

 The mass eigenstates are not CP eigenstates

O An example is the neutral semileptonic decay asymmetry to wrong sign
leptons:

F(Bo%t) — ¢tvX) — M (BY%t) — ¢ vX)
F(BO(t) - ¢TtuvX)+T(BO(t) — -vX)
1—|q/p|* ~ T 12
1+ |g/pl? M2

ﬂ;sg(t) —

J Large hadronic uncertainties in the calculation of I';,



CPV In decay

O In charged B decays this is the only source of CP asymmery

O We need two amplitudes with different weak and strong phases:

A = ZAEEE'-(%‘F%)

ﬁf — ZAkEi(ﬁk—i;ﬁk)
4 = B =H-TBT =/
r(B-—=f+rBt-7

_ 1= |Af-./Af|2

1+ |A7/Ag2

e 2A1A5sin(do — 01)sin(¢o — ¢1)
A2 + A3 + 241 Ay cos(dn — 61) cos(¢po — ¢1)

L We need the amplitude ratio and the difference of strong phases: both are
difficult to calculate




CPV In the interference between decay and mixing

3 Similar to CPV in decay: the two amplitudes are B® — f-p and

4. — F(B(t) = f) =T (B°(t) = f)
fer = T(BO(t) — f) + T(BOG®) — f)
2ImA 1—|Af?

14 [Ap|? 14+ |Af]?

A & J
Y \ =

Y

Sy Cy

sin(Amt) —

cos(Am t)

3 In the limit [A ¢| = 1 we have:

At., = ImArsin(Amt)



Flavor specific decays and Am

0 Let us consider a final state accessible to BY but not to BY
O Examples are BY — Dy 7T and B — X¢tu

O The time dependent rates are:

% :cosh %+ cos(émt)]

(B — ) = N}-|Af|?e_r% _cosh %— CDS(.&mt)}

F(Bo(t) — f) = NylAgPe !

0 The asymmetry is:

cos(Am t) 1. 1o ll cos2(Am t) ]

Ag = —Im —
0 cosh(ATl t/2) &= 2 Mo cosh?(AT t/2)

O Used to measure Am



Untagged B mesons and Al

O Let us consider the time evolution of an equal admixture of B and BY

rif,t] = r(B°%%t) — f)+r B0 — f)
— 2. 2y T Al t 2ReAy ATt
= Nyp[Ap|=(1 + [Af]%)e L lcosh > T1F P SirlhT

can be eliminated if the total
branching ratio is known

O Useful to extract information on A" and A, at hadronic machines



Calculation of M,

O AB=2 transitions need to go through a W loop - short distance physics is

involved

b W q b 1‘llp g
ty th W W

A AN AN CR g t b

O As usual we write an effective Hamiltonian that captures the SD physics:

G2 2

Hefr = 4—H(Vfb‘~ )2So ( ) nbp(r) (Gryubr)(qy" o) + h.c.

— _
Y Y

NLO Wilson coefficient: C(u) Local operator: Q(u)




Calculation of M,, cont'd

O Now we must specify the external states:
Mip = C(p) (B°Q(n)|B%

O From lattice-QCD we obtain:

2 » Bp

Y B

3" “bp(p)

(B°|Q(1)|B%)

O Putting everything together:

(BO|H,s¢|B)
QTTLB

2
ngmp (f8BB) So (m ) (VipVis)*

B

theory uncertainty

Mip, =

G; Tnu
1272




Calculation of M,, cont'd

1 Mass difference:

Amp = 2|M;7

G 2
= ’fmeB (f8Bg) So ( ) VigVial
O Mixing parameter:
g _  Mp, -V Vig)? _ {_8—21‘5 q=d
p (Mo |V;gﬁ”§q|2 —e—2i8s  g=s

|

up to corrections proportional to I';,/M,



Calculation of I';,

Q I, is the absorbitive part of the B¢ — B9 amplitude: it originates from
decays that are common to B® and B°

/N= =\

AB = 1 decay AB = 1 decay

O In formulae:

L 5o — px)(BIHAB=1 X (X|HAB=1| By

2??13

_ 1 . [ 44 yAB=1/_y 1, AB=1/\1 |5
= mlm{B[z‘/ d*aT {H (z) HAB=1(0)} B

12



Calculation of I';, cont'd

At leading order we have:
r—




Calculation of the amplitudes (A;)
O We are plagued by non-perturbative QCD effects

In general we must take matrix elements of a decay effective Hamiltonian:

Ay =AB— f) = (flHYB) =3 C; (f|04]B)
Ar=A(B—J) = (FIHYB) =3 C;} (flO]|B)

Y
Form factors
QCD factorization

Lattice QCD

d

d If only one operator contributes (C' = |C|e'?):

- E
°F _ O o—2ip

Ay C
O If all the Wilson coefficients come with the same phase (¥):

—2ip2 |Cil (F10}|B) _ o—2ip
> |Cil (f1Oi|B)

ﬁ>| |
= =



J )
pelh
i
et
L
L )




sin(23) from B — J/WK;

O The final state is a CP eigenstate (with eigenvalue -1)

O This process is mediated by both tree and penguin operators:

A = TCCS VbVSH‘P” ub us + P«‘f vacz + Pt thte

(TCES + PC Pt) 5‘*’?1 + (Pu Pst) -ubv';s

—
penguin pollution

O The last term is doubly suppressed:
T/;;va!f"?

V,VE 1072 A(BY — J/YKO) Vi
cb A(BO = J/pRO) ~ ViV,
P/T ~ 0(0.1)




sin(23) from B — J/WK;

d

d

There is a problem: BY — K9and B% — KO0
K, is the lighter mass eigenstate: | Ks) = pr|K°) + qx| KO)

Interference between BY — J/YKs and BY - J /1K is only possible
through K mixing:

A(B® — J/YKs) _ A(BY — J/WK®)p, V Vi Vo Vo

A(BO = J/uKs)  A(BO — JjpKO) g, WKsyry viev

CS ¥ o

Putting everything together:

Ay, = 4q }E";‘"HD PK _ =7y isvb%dvb%i%a od = oK _2-'.:;,.-3
, p A-'fj:ﬁ'o dK 1/;5 td Vr*hvf“? VF?VHI
and the time dependent CP asymmetry is

F(BY(t) = J/¢YKs) — T(BY(t) — J/¢Ks)
F(BO(t) — J/¥Ks) + F(BO(t) — J/¥Ks)
—Ny K, SIN(2B) sin(Ampg_ t)

A’ﬂi’ Ks






sin(23) from B — ¢Ks 7

O This process is mediated by penguin operators only:

s
|

_I_Pu thfS_I_PC b%fcs“"Pt bV;ts
(PE = P Vi + (PE— P ViV,

.Y . V
penguin pollution penguin pollution

O The last term is only CKM suppressed:

* 0 70 #
Nty A = 0K Tt o
Vcbvcs A(BY — ¢KVY) V;:bVCS




sin(2a) from B — 7w

O This process is mediated by both tree and penguin operators:

u

b
L3 B R d
[
d
v

A = Tuaq VipVaa+ Py VigVag + PV Vo + Py Vg Vig
(T'{Lﬂd + Pu = Pd) uhp-r?:{d + (P(.it = Pg) %bw‘fi
Trr Vi Vg + Prr VigVig

, V. "
Irr Vub Jd (1 + rax th‘;f) = Tnrrn VubVJdgl + rar f'iiz
. ub " ud v

Y

penguin pollution
O Is the last term suppressed?

V. /*
th " td ~ A(BO — ’IT’IT) “h =+= 1 _|_ Trm K
A(BY = ) VaVi,a l + rax &*

Vub -':d




sin(2a) from B — nw

gy — A _ ViVig ViV Lt rank _ gig 1+ rank

— €
* * ¥ =
P Arr VipVig VipVug 1+ Tron B 1+ ran &

v~

e—2i8 —2iy

O The time-dependent CP asymmetry is:

A’}T’}T = _Cﬂ‘ﬂ COS(&de t) + S'n‘?r Sln(Ade t)
St = sin(2a) + O(rzar)
Crr = O(?"?ﬁr)

O What do we get from experiments (Belle & BaBar)?

SSXP = —-0.594+0.09
CEXP — _0.39 £0.07 < 1!




sin(2a) from B — @i

O Solutions:
« use effective theories to calculate Tnn
e use SU(3) flavor symmetry to relate B=>Kn and B2>nn
e isospin analysis
[ Up to isospin breaking corrections we can describe
ABT = at79), A(B° = ntn), A(B® — #9%79)

In terms of two isospin amplitudes

A(B — [n]p), A(B — [77]2)

O At the end of the day we are able to eliminate r__and extract sin(2a)



sin(2a) from B — 7w

sSSP = —0.59£0.09 BR¥P = (5.2£0.2) x 107°
Ciiir_ = -0.39+0.07 BRYP , = (5.7£0.4)x10°°
S0 = —0.36+0.33 BR?;?TD = (1.3+£0.2)x10°°

B — N {BABAH]
----- B — nn (Belle) =
1 B—nn (WA)

1 T ] = 2 =
- i t il g fs

1-CL

77_'1.317;_'-"1'u-"'r'|||||||||||||||||||
40 60 80 100 120 140 160 180

o (deq)



sin(2a) from B — pp

O Analysis is identical to the nn case

O Experimental measurements have larger errors

 The constraint on a is stonger!

~0.13+0.19
—0.06 +0.14
(23.1£3.3) x 10°°
(18.2+3.0) x 10°°
(1.2+0.5) x 10°°

1-CL

1.2

0.4

02|

08 il

o6l i

Tomamm T

CKM fit

no o meas. in fit ;

[ B—pp (WA)
WA & B—p*p™ (Babar)
WA & B—p*p™

m ot
I""_i-‘“ i |

(Belle)

20

40

60

80 100 120
o (deg)

140 160 180



1-CL

1.2

| Iltter

Beauty06

llllllllll

B — pn (Babar)
B—pp

WA

> i IR A B

1 Combined |
o+ CKM fit =

|

80 100

o (deg)

120 160 180



v from B — DMK

d The decays B — K—DY and B~ — K“f)o are both allowed and have
similar CKM suppression (V, , V.. / V., V. = E;",a? + 72):

S (O I

K1 )

S P S

A_(B™ = f) =V, V,RA1€01 + V., VE Ape!®?

AL (BT = f) = ViV, A1e! + VAV, Apet™
d The CP eigenstates of the neutral D mesons are:

|D%) + | DY)
V2

0
|1 Dépt)



yfrom B — DMK

O Itis possible to identify the neutral D in the final state:
« DO or DY are identified by semileptonic decays containing a u* or a .,
respectively
D.p, are identified by final states that are CP eigenstates

O Using the following four observables, we can extract y:

Apps = (Bt - Depi KT)—T(B~ = DepiK ™)
F(B+ — DCP:I:K+) + (B — DCPiK_)
+2rsiny sind
1+ r2+2rcos~y coséd
= (BT - DopsKT)—T (B~ — DepiK™)
“P= = (Bt - DOK+) 4+ (B- — DOK-)
= 1—|—fr-2:I:2rc05ﬁ}r COS ¢

where 0 = a1 — ap and T = Al*"ﬂl/ﬂzﬁiz
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