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A brief history of CPV

e 1964 — 2000
o |c| = (2.284 £ 0.014) x 107 3; Re(e'/e) = (1.67 £ 0.26) x 103

e 2000 — 2011
e Syxs = +0.67 £0.02

o Syxs =+0.56+0.18, S, k. = +0.59 + 0.07,
Sroks = +0.57 £ 0.17, Srors = +0.62 +0.12

o Sk+k-Ks = —0.82+0.07, Skgrsks = +0.74+0.17

e S 1 =-065+007,C.+ . =—0.38+0.06

e Sy.0=-093+0.15 Spp = —0.89 + 0.26, Sp-p- = —0.77 £ 0.14

o Ags,0=+4037+0.11, A x3 = —0.37+£0.09, A; = = —0.68+0.20
o Agg,+ = —0.098+0.012, A, g-0 = +0.19 £ 0.05



CP violation in K decay

. Two kinds of neutral K mesons and make isospin doublet with charged K

K° =ds(S = +1) K°=sd(S=-1)

K"=us K~

st
L CP properties of neutral K mesons are
K®)=11cs | K°)

K0> = 77;3 ‘ KO>

CP|K®)=e"

_ _ ¢, =0 by convention
CP|K®) =g -

J If CP is conserved in weak interactions, CP is a good quantum number
and CP eigenstates can be defined by

[K,) = ([K°)+[K7)) 12 CPK,)=|K,)
1K) = (|K)-[K*)) /2 CP|K;)=~|K,)
J They decay to 2x or 3z, whose CP is +1 and -1, respectively.

K, =27, K, > 37



CP(rm)

d 7'z IP(rt) =0
Pz =—x and P(27) = (-1)" where | is the reletive angular momentum of 27

C operation exchange 7" <> 7~

—» CP(z'z)=(-D)""?=+1

0_0 .
D T J PC (7[0) -0
CPr’=-7°
Bose statistics forces | of 2° to be even.

—» CP(z°7°)=(-D"*=+1
m, ~ 497 MeV

] m_~140 MeV
K, decays into zz, but K, does not.

= The lifetime of K] is short (or its decay width is large) because
of mass difference between K] and nr.



CP(rrmrm)

Q 7'z x
CP(z* 7 7°) = (-1)*(-)? (-1*" = (D)2 | : the orbital angular momentum of 7"z~

- : L : the orbital angular momentum of z° and (z* 7z~
| = L because the spin of K is 0. g 7 (z"77)

CP(z*n x°) = (-1)**

= The dominant component is CP=-1.
Q 227

CP(z°z°z°) = (-1°(-)' (-D)" = (-1

Bose statistics forces | of 27° to be even.

= CP(z°7°7z°)=(-D)** =-1
m, ~ 497 MeV

. m, ~140 MeV
d K, decays into zzz.

= The lifetime of K is larger than K] because of phase space
suppression in i decay.



Discovery of CP violation

J Observation of K,—n*n (Christension,Cronin,Fitch, Turlay,1964)

= produce K? (mix of K7 and K5) and let them propagate in vacuum
tube long enough for K; component to decay away — pure K, beam

= search for CP-forbidden decay, K,—n*n
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Kaon CP-violation observables

d Observed neutral Kaons are not eigenstates of CP.

1

K = Ki)+ €K —

| Ks) e (I K1) + €[ K2)) T
1

K - Ky) + €| Ky)

| K1) T (IK2) +€|K1))  — wrm

O0_0__(
T

Kg  30.69(5)% 69.205)%  3.5(1.1) x 1077

< 1.2x1077
K7, 864(6) x 10* 1.967(10) x 1073 12.54(5) % 19.52(12) %




Kaon CP-violation observables

, _A(KL—HT(”N[’) i )
+E] [ﬂDD:A(KS—}ﬂﬂ?TD) = g — 2¢

_AKp = atT)
- = A(Kg = ntn—) N
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e~ e+ 1 =0 _ EWY [ndirect CP violation
Re Au
o i i(82—60) REAQ Iﬂlﬂg _ IﬂlAg . . .
Y e Re A, |Red,  Redq Direct CP violation

Indirect CP violation

o

DO (] = 1.90(26) x 107 |

£ = f(BKa VCKT‘»T!”LE:mh }

| Ielexp = 2.228(11) x 10~° arg () o = 44(7)° |

[(Kp =7 {"y) -T (K —-770"7)  2Recs
D(Kp—n ) +T (KL = nt0-we) 1+ |e)?




Kaon CP-violation observables

Direct CP violation
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Importance of B physics

J Large mass m,

= Variety of final states to decay to

= determination of several CKM elements

= allows us to use expansion in 1/m, to estimate non-perturbative
effects systematically

[ CPV phaseinV,, ) CPV effects

L Rare decays of B mesons due to loop suppression
= sensitive to New Physics

(J K and D physics have relatively large theoretical uncertainties



bb production mechanism

Hadron colliders: e.g. Tevatron, LHC

bB from QCD mediated process

incoherent production of b hadrons

not defined hadron energy

gluon-gluon fusion is the leading mechanism at LHCb

Tevatron r:r[bEr} ~ 10pb at pp collisions, Ecpy = 1.96 TeV
LHCb  a(bb) ~ 150ub at pp collisions, Eqp = 14 TeV

Electron colliders: e.qg. B factories
coherent production of B B at Ecy=10.58 GeV

well defined B meson energy

ag(BB) ~ 1.1nb at e"e™ collisions, Ecar = 10.58 GeV

12



B meson production at B factories

Collide electrons and positrons 1

il i

t ga=m -
at vs=10.58 GeV/c? esonance aramm

g —m +iml

Cross-section (nh)

P P —

hh 1.05 -y * 15)
e 1.30 ] !
y £ .
oy (.35 ,E ) ‘o Y(4S)
s == F ! {28)
el (.35 = F el ... off-peak
T 1.39 I . & 3%
T i
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many types of interaction occur.

Mass {GeVic')

= We are interested in ¢*¢” — T(45) — BB for B physics

B(Y(4S) — BB )
B(YT(4S) — B+ B-)

P I

B(Y(4S) — BB) ~100%

g,;~ 1 nb = with 1fb™ produce 10° BB pairs

N.B. Y(5S) — B_B, is possible, but it is not the main target of B factories

13



How to identify B or B
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Tagging B or B

= Charged B mesons can easily be tagged by measuring the charge of
its decay products.

= Neutral B mesons

) / D (=dC)e'v tagging B®

7' (=ud)z (= du) |

D*(=cd)eV tagging B°.

15



Travel distance of B meson

For a relativistic particle, the travel distance:

d= (Be )y ~ (300 ;tm)(ﬁ) oy

The lifetime of B meson 7 ~107s

o
\ B+ T+ ,,,,,,,,, >
Y Y o v
— et Lo TS P"
/J" " I}.u' Vr o =" B decay position 1 decay position — e [
B+pmdim:tinnpusmun ! T
|
~ O(100) um
c-hadrons:
D*:~ 312 pum, D% =~ 123 pm
m.~ 1.9 GeV

16



Why need asymmetric B factories?

= Many observables require measurement of time-dependent asymmetries
= But, B mesons are produced almost at rest in the Y(4S) rest frame

—» difficult to resolve the vertex of B decays

= Y(4S) decays produce BB pairs in a coherent quantum state

'-"1{45} =1,J,=0= L__.=1= wave function anti-symmetric

= Bose-Einstein statistics implies flavour wave-function must be anti-symmetric

—» BB must oscillate in phase until one of them decays

= Y(4S) is produced at rest at a symmetric collider

S
5.3 GeV IIllIIllIIIF-E}_ --l"l,lllllllllll 5.3 GeV back-to-back .
N/ — cannot construct production vertex
N

.

17



Asymmetric B factories

» PEP-ll: 9 GeV e+ 3.1 GeV et - KEKB: 8 GeVe +3.5GeVet

By =0.56 By = 0.425
(Az)~ 260 um (AZ)~200 um
+ .7 '\\‘a Flavor T
e
. tag - vertex
— |
Y(4s) B

I
| Jf w
rec
! R
—
At=Az/(Byc) B G ER
reconstruction

Home discussion
This is a counter example of the famous EPR paradox.
Discuss the EPR paradox. 18




Classification of B decays \w,

Tree decays Q' @
= semileptonic
"
=y Br ~11% per each lepton(e, x,7)
| b———=—c,u)
lg— J

Br ~ up to a few %

= nonleptonic

S Br ~ 1/10 of color-allowed tree
n=3 T
$ _ :: s } _
q — q

19



Classification of B decays

Tree decays by orders of A
= Cabibbo-favored (12

= Cabibbo-suppressed (A3) <

o
A
A

O

= doubly Cabibbo-suppressed (1%)




Classification of B decays

Penguin decays ~FCNC, loop suppressed,

sensitive to new physics
= radiative

21



Penguin diagram

Origin of the name [=di]

John Ellis was the first to refer to a cefain class of Fevnman diagrams as penguin diagrams, due in part to their
shape, and in part to a legendary bar—room bet with Melissa Franklin, According to John Ellis: [2]

bdary K, [Gaillard], Dimitti [Nanopoulos] and | first got interested in what are now called penguin diagrams
while we were studwving CP wviclation in the Standard Model in 1976, ., The penguin name came in 1977,
as follows,

In the spring of 1977, Mike Chanowitz, Mary K and | wrote a paper on GUTs predicting the b quark mass
before it was found, When it was found a few weeks later, Mary K, Dimitri, Zerge Budaz and | immediately
started working on its phenomenology, That summer, there was a student at CERM, Melissa Franklin who
is now an experimentalist at Harvard, One evening, she, |, and Serge went to a pub, and she and |
started a game of darts, We made a bet that if | lost | had to put the word penguin into my next paper,
She actually left the darts game before the end, and was replaced by Serge, who beat me, Mevertheless,
| felt obligated to carry out the conditions of the bet,

For some time, it was not clear to me how to get the word into this b quark paper that we were writing at
the time. Then, one evening, after working at CEEMN. | stopped on my way back to my apatment to visit
some friends living in kMewrin where | smoked some illegal substance, Later, when | got back to my
apartment and continued working on our paper, | had a sudden flash that the famous diagrams look like
penguins, So we put the name into our paper, and the rest, as they say, is history,

22



Realistic B decay?

= previous diagrams are not realistic. More realistic ones include
hadronization and huge number of soft gluons.

23



Effective Hamiltonian in one slide

.~ S e = many scales (my,my,Aqep) are involved in B decays

w“ " \E‘Jw “‘”’t[ j ok

~ o = = large logarithms appear in the calculation
(@) ® M2 M2 2

E‘--a Ly me y“*-;. w. In—> ’(”‘—!VJ

{ y ] ; { Y H H
ued| y, uct W'. : W 1[_\ /__,nl . . .

e Lz Tar = perturbative calculation might be broken because
" Ce ’ @ of the large logarithms

= go to the My, scale, where the logarithms disappers

= Physical process should be calculated at the m, scale

= use the operator product expansion (OPE)

= the large logarithms are summed up in Wilson coefficients (RGE required)

Hog = %VJSVCE; (CL(1) 01 + Co(u)Oq] (K D et Bd) = %VJSVcb |01 (K~ D*|(5atta) v-a(Gabs)v Al BY)
+2C1(K ™ D¥|(50 T ug)v-a (e, T35 bs)v-al BY)

= short distance physics and = how to calculate the matrix elements?

long distance physics are well —Naive Factorization,QCDF,PQCD,SCET.,...
seperated 24



B® - B® Mixing

J Neutral meson systems: K°K°,D°D°, B°B°, B’B’

= flavour mixing through box diagrams — coupled system w W

w(t) = a(t)|B°) + b(t)|B°

= time evolution can be described by a two-component Schrédinger
equation with an effective Hamiltonian H
.0 [alt)| _ 4alt) ]
ot | b(t)] " \b(t)

= mesons can decay — unitarity not conserved — H is not Hermitian

= decompose H into two Hermitian parts

1 t | _
M = —|H+H'] ‘ . " ‘ _- \
2 — H:M_LI‘:(M“ M12J_L(r11 F12]
r - 1| H-—H'] | 2 My My, 2Ty Ty,
2 2i '
“dispersive” part “absorptive” part

= off-diagonal elements of M and T" describes meson-antimeson mixing



—O N n
— B~ MiXing
= M and I" are Hermitian — M, =M;, andT,, =T,

= Assume CPT conservation (i.e. meson and its antimeson have the same
mass and lifetime)

) M= M, = My
i — _
I‘12 M—-ZT I =1T, =TIy

= diagonalize H to determine Eigenvalues and Eigenstates

I''n Hy+H,

Ang=M_,—i 2 = > +JH,H,,

B = p18°) +4/5") = ——— [+ 818 + (1~ 8B
1) = 918~ 4B = ——s [+ 818"~ (1= O/F)
pI* +lal* =

q_1-¢ F M., —iT, /2

p +€ 1 M, -1, /2

26



B® - B® Mixing

= B, and B, have well-defined masses and decay widths

e ~
F ( 0! —o0! | im.t . ¢/2 ' note: B, and B, are not
\ — . | p— . . . H
|B”(”-’ |' P |B f q ‘B r e e particle/antiparticle, can have
|BL( t) — | p- ‘BO_} + q- ‘EO | . e imt e r,t/2 L different mass and lifetime )

Home discussion

1. H is not Hermitian, which means that the probabilities are not
conserved. In quantum mechanics, everything we measure is real and
Hermitian matrices have real eigenvalues. Discuss why non Hermitian
Hamilatonian is allowed in quantum field theory and why this does not
conflict with quantum mechanics.



O —O n n
B” - B" Mixing
 Time evolution of initially pure flavour states
= mesons are not produced in mass eigenstates, but in pure flavour states
B° or |[B° att=0

= They are decomposed into a super position of mass eigenstates

1 - 1
\Bt‘io>=ﬁ(| B, )+|B.)) and \Bt‘10>=£(| B.)-|B,))
.r:”[:ll‘] — (:”[{J:H Myt zlut (ry, |l'r| — (. H]” Hte 3t

= propagate according to the solution of the Schrédinger equation
1 —imyt oyt —imt Tt
‘Btozo(t)>:2—p(|BH>e g Int/2 +|BL>e =~ /2)
— 1 —im t o-T t —imyt -T'yt
‘Btozo(t)>=£(| BL>e el /2_|BH>e e T /2)

= time evolution of initially pure flavour states

(my+m, )2

m =
BY,(t)) = g.(t)-|B° + %-g (t)-|B° T = (T,+T,)/2
—0 . —0 p o 0! Am = my,-m_ >0
By ,(t) = g,(t)-[B° + q 9 (t)-|B°) \AT = T,-T,
. 1 _img -Lt[ jame are jAmt ATt
with thJzEe' elle e *+e 2e * |



B® - B® Mixing

= mixing probabilities

PB'»B°t) = %*e‘rf .
|

P(B°»B°t) = P(B°»>B°t)
_ 2 (
P(B°>B°t) = 1.|9[ . Tt . |
2 |p |,_
— 2 _ f
P(B"»B°,t) = ~.|B[.eTt . |
2 |q |

(J Time-dependent asymmetries

mix( J

EmiJ~: J

COSh[;ATF t") +‘fcos Am t}“\

cosh(% t"' —

‘.':c:sh("i‘TF t"' -

'

e

cos/Am t|

.

cos/Am t|

. J

N(B°>B") — N(B'»B’) _ cos|Am-t|[(¥)6-cosh(AT-t/2
N(B°>B°) + N(B°>B°) cosh(ATl'-t/2|(+)8 -cos(Am-t
N(B°»B°’) — N(B°»>B") _ cos|Amt|[5)d cosh|AT t/2]
N(B'>B’) + N(B°»B cosh(ATt/2|(5) &  cos/Am-t|

0#0 & CPviolation in mixing

-

.

_1-|q/pf

1+|q/pf*

29



B® - B® Mixing

2 : :
5 =] —\q/pz q  [m;,-ir, /2 8w we g
1+|q/p] p \M,-il,/2

b g Vm u,=c,t :V,"; d
= B°_B° transition amplitude is described by Effective Hamiltonian
H, =M, — (i/2) I,
« M.,,: transitions through off-shell intermediate states, M,, « m>- (V V)’
. T',,: transitions through on-shell intermediate states, I',, c m?-(V_, V., )
« I, < M, = interference term small = CP violation in mixing small

= neglect CP violation for now (6=0)

amix(” = a

cos/Amt| _ cos|x Tt LX

B y

. Am/T
mix1*7 " cosh (AT t/2] cosh|y Tt

AT /2T

= oscillatory behavior with

frequency x: mass difference between two eigenstates
damping y: lifetime difference between two eigenstates

30



Mixing phenomenology

K'K°

[ x«=0.95
Yk = -1 |

« strong damping, only K left
after about one oscillation

probability

D°D°

| Xp=5 x 107 7
Vp=(7.15 % 0.09) x 10° |&

* mixing very small,
time-integrated probability

probability

Xp+ ¥p
2(1+ x32)

Xp = ~ 3x10°

« first evidence for D°D° mixing reported by B factories in 2007

31



Hyperbolic function

10 W :
csch(f) —— :
sech(f) -------- 5
coth(f) -+=:-:-
S Lo AR
-10 ' i
-10 0 5 10
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Mixing phenomenology

BOEO 10
: N — Py
Xq=0.775%20.006 | & i & P
a
Yq=0.007 £0.009 |2 Zos
J 2 4
 small damping, significant £ s ;
mixing: m
2 2
Xgt+ Yy
= — — =~ 180/ 00F=2C et
Xd 2 [1 + Xﬁ} ° 0 1 2 z} 4 5 6
0 R0 E " 1.0
B B L0 2
. ~ 3 o PB['_-,B{'
X =26.82+£0.23 g‘ P e S|
ys =0.058 £ 0.010 | 2 oafl
<. 5 il E 0.0
» very fast oscillation and £ oa )
complete mixing: ” 03 - '
2 2 i W
X, t+y R
- — = - = > 49.9“7 [}0-":'“ VAL { -1.0
xs 2(1+X§]‘ ° DL 1 2 f.?l—‘ 4 5 6 o 1 2 t} a 5 5

 first measurement of oscillation frequency by CDF in 2006
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B,—B, mixing

] B, oscillation is harder to be measured compared to B, because
= the production rate of B, is smaller than B, byl/2~1/3
= the mixing effect is at its maximum

= the oscillation period is ~40 times shorter

. The hadron collider has the advantage

= the production of BB, is more boosted

= hence longer decay length which makes observation of the time
variation easier

= first measurement in the Tevatron and later LHC confirmed



Am, and Am,

S = Inami-Lim function — ~___~» project

for the t-t contribution
= (from perturbative calculations)
TF 2 2 2 2
Amy= L miyn, S (x)ms, /3, By [Vl [Vl

2 2 M
_ Gla—zmlfv%S(x;}mgifﬂﬁp,liﬂblz ?L: ul 5 ]2 n ﬁl} ﬂ _ My, fb,, ﬁﬁ,, Kd 5
61T Am, | ms.f:, B, |Vrr|
BBd and de from lattice QCD
We can use these = ] | |
results to extract 15 Amq 15 AmJ/Am,
possible values for 05 05
fundamental nﬁ i
SM parameters: ; (1 - p) +7°
2 of the parameters of 05 s
the CKM maitrix: } }
p and n e e
-1 L5 o 0.5 1 E -1 0.5 ] 0.5 1 E
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Flavour physics beyond the SM

‘Z_/;ﬂ" - :'“;/‘._Eauge (Aa? WI) * ““‘“ nggs (¢':~‘ a’ W) + 2 11 O (d) ((1)? Aa?‘ IIJ1

Yukawa d=5 Ad -4
T : S 2
. 1 Ve Vo Via) 1 A = effective scale
Jf(Bd_Bd) - 7 9 * C\e ‘ » phvsics
16" m,~ A2 of new physics

tree /'strong + generic flavor

-1 - » A= 2x10*TeV K]

loop + generic flavor

~1/(167%) » A> 2x10°TeV [K]

~ (v, V 7 )2 tree strong + ° "ﬂlQ:l].‘Il]Ellth A> 5 TeV [K & B}

loop + “alignment™

~ (v, Vi Vyy)?/ (167%) ; » A>05TeV[K&B]
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Flavour physics beyond the SM

- Cij
R Ai 0, G.L Nir, Perez '10
Bounds on A (TeV) Bounds on ¢ij (A = 1TeV)

Operator Re Im Re Im Observables
(Frytdy) 9.8 x 107 1.6 x 10% 9.0 x 1077 3.4 % 1077 | Ampgs g
(Fpdp)(FrdR) 1.8 x 10 3.2 x 10° 69 x 1077 | 2.6 x 1001 | Amg: ep
(Gry*up)? 1.2 x 10° 29 x 10° 56 x 1077 1.0 x 10~ | Amp; lg/pl, dp
(Crur)cLuR) 6.2 x 10° 1.5 x 10% 5.7 x 1078 .1 x 1078 | Amp; lg/pl, ép
(brytdp) 5.1 x 107 9.3 x 10? 33 x 1070 | 1.0 x 1070 | Ampy; Spmyk
(b rdp)bpdg) 1.9 x 10° 3.6 x 10° 5.6 x 1077 1.7 x 1077 Ampy; Spy—vK
{J;L;J“::L}: 1.1 x 104 1.1 x 104 7.6 x 107 7.6 x 107 Amtp,
(brei)brsg) 3.7 x 10¢ 3.7 x 102 1.3 x 1079 13 x 1070 | Amp,

[ New flavor-breaking sources at the TeV scale (if any) are highly tuned }
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Three types of CP violation

/ CPV in decay \

(“direct CP violation”)

t
o K

 interference of decay
diagrams with different
weak and strong phases
» different decay rates

B—-fvs B-f

Qeware of strong phas?

/ CPV in mixing \

(“indirect CP violation™)

A
A
A

I s

—
o
e

b

* interference of absorp-
tive and dispersive part
of mixing amplitude

» different mixing rate

0 2o =1 0
B,—B vs B — B

vmall in Standard Model

/CPV in interference\

of mixing and decay

T

B’ J/p Ke
q}h Eﬁ//_'(,pD

* interference between
direct decay and decay
after mixing

» different decay rates

Bl}

=1
- fcp vs B [s}—>fcp

» “golden modes”

/




Direct CP violation
(J CP violation in decays if A(B— )= A(B — f)

* requires interference of at least two decay amplitudes with different
weak phase and different strong phase, which lead to the same final state

>
I
>
W
Y
-
I

-'__m
m—-

0;: weak phase, changes sign under CP

A = AB>T) = Z 3. e'% %) d;: strong phase, does not change sign under CP
f - \ A i

 interference and CP violation can be large
* New Physics can enter through loops if penguin diagrams involved

* but have to battle large theoretical uncertainties due to the strong phases



Direct CP violation

J CP violation in decays

__E‘_f'i"'ll }_’ . vub 1 “'-"-"'ﬁll D”
Vcb -[-I,-'__SSS:H-:%-‘UI ‘!l W | |I Vud v :;b
S — I y =arg | ——=
b (. B\) W a7 VgV
~ 7 ANy ‘ , J
B | DY i N NS
' W (i "
i i UK

D° and D° decay into the same final state (f., = KK, zz,...)

— < A[LB‘ — D" (ﬁ f., ] K~ ) = A A[:B‘ _p° (ﬁ fcp)K_) _ AUEJ'(&B—;J
A[:BJr - D’ (ﬁ feo ] K* ) = A A[:B* — D" (—} fcp)K+) = AUEI{EE‘_FJ
l"( B — fCPK_ ) = Ar_‘ + Auef-[:%_fl 2 - Acz x (1 + rs * Zrﬂ CDS(‘SB -Y ]] A
\ i(85+7)|” 2 | 2 : ' Ch A_
F(B* —f K |=|A+Ae""| = A ><(l1+r5 +2r, cos|(d, + ]) c
f(B_ — fCPK__)_ F{B_ — fCPK__] ~ 2r85ir~| 'SB siny

e~ F[B‘ — fCPK":)+ 1“{'3‘ — fCPK":] 1+ rs +2r,cosd, cosy




Direct CP violation

= at least two amplitudes with different weak phase but also strong
phase are required.

y=00r 8, =0 = no CP violation

= three unknowns: I;,05,7
= Additional information is obtained from the Cabibbo-favored decay:p® —» K #*

[(8"—D°(— k=" )K" Veo

5 — 3 _ b m &
BF(D° — Kz"| AR N o

(B — DK )=A’ =

r(B"—f K |+T(B"—>f K
R = ( cp ] ( P -]:1+r§+2r5{:0558c05}f

¢ 2r (B~ — D°K"
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Sources of strong phase

( The weak phase is the phase in the Lagrangian, but what is the origin
of the strong phase?

(;D;‘:{ Bander-Silverman-Soni (BSS) mechanism
NSy

It gives a small phase.
Only source? =
Important source?

Insufficient to ¢xplain large
direct CP asymjmetries

f only account
\ / Vertex correctoins in QCDF = — for perturbative

\f%} strong phase

: = dgl-d dent
>TA Annihilation diagram in PQCD mo_ EPEnaEn

Final state interaction (long-range interaction) =
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BSS mechanism

6\ Bander-Silverman-Soni (BSS) mechanism

c.f. H—yy decay

7 AAYAYAYAYE

H H

_____ R
AN Y
G, a2 M; ’
a2 )

D(H— yy) = —=—=2Z Y N.QIA, () + Al (rw
( 1Y) 128 V2 3 - Qf 1@( f) 1 (w)

Ally(r) = 2+ (r— 1) f(r)] 72

A (1) = —[27° +3r+ 327 — 1) f(r)] 2
arcsin® \/7 T<1
2
flr)=4 1 {100_ l+vi-7 '/ - r, = M%/AM? with i = f, W
T S R, e
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Indirect CP violation

 CP violation induced by mixing

* _ _
d VYeueiVe b
T ‘1 T

-4 -4

12

Hy, = My, —(i/2)T,,

B° W+ iw= B [ ,< M = interference term small

-

i 1 = L
b V, u,c,t V,’: d

B“(O)—:- B“(t))

L

Q[T ‘t:|-::.-

(B“(o) N B“(t)) =

= In experiments, one can define

P(B°(0)— B°(t))- P(B°(0)— B"(t))

g (t)

a (t)

1_

=» CP violation in mixing small

New physics can enter in box
and may have significant effects

CP violatfion is present if |q/p | #1

Does not depend

=T PEO-E W) PE0-E0)

+
T|e (oo

-

on time anymore
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Indirect CP violation

. . Y ut
J Possible experiments B B
.ﬂ'+.-f"'--xﬁ}ﬂ ¥ E F HHH“EH X
N JU+JU+]—N [l .
A, = ( ’ ( ) = Cdf“’:; +C.a;  (for hadron colliders)

N(epe )+ N )
dimuon analysis from DO (magnet polarity flip possible, symmetric initial state)

A% = (—0.787 4 0.172(stat) & 0.093(syst)) %

A =Ca‘+Ca’ - 0.02
s/ d sl s sl

b
-3.9 o from SM predictions Y

changing the impact
parameter cut changes the

composition of the sample
-0.02

Extraction of a,? and a ¢

68% and 95% C.L. regions
Standard Model for B

are obtained from
a,=(19+03)x10"

0L = (<012 £ 0.52)%, | 04| trcmssmemeneewit
aly =(—4.1£0.6)x10™ aj = (—1.81+1.06)%.

IP selections

-0.04 -0.02 0 0.02




CP violation in interference of mixing and decay

J For decay into a CP eigenstate f that is accessible to both B° and B°

A

Bu ' ‘Eto_o>:g (t)‘§0>+£g (t)‘Bo>
\ —0 —‘/4 - + q _
a’p ™ B A

g. (t) =e™e ™2 cos(Am,t/2)
N.B.AI'=0

g (t) =e™e ™ %isin(Am,t/2)
= time-dependent decay rate asymmetry

CT(B°(t) > f)-T(B°(t) - f)

4= B0 S NIrE N S 1)

= decay amplitudes are defined by

A =(f|H|B) A =(T|H|B)

/
’)

A =(f|H|B)
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CP violation

T(B°(t) - f)~

r(B°(t)— f)~

In interference of mixing and decay

g+(t)<f|H|B°>+%g_(t)<f|H °>

g+(t)|2 ‘Af‘

+2Re(g+(t) —0._ (t)} A A J

0. ()(fIH]| E‘s°>+§g_(t)<f H| B°>

9+(t)|2 "K‘f ‘2 +

E |9(t)|2\Af\2+2Re[g+(t)£Epg(t)] RA?J

47



CP violation in interference of mixing and decay

= In the SM, it is known that

2 B _
[ L |- ) OQO ) for By - E_Bf
M., <0(0™) forB)-B’

1-—

P
= time-dependent decay rate asymmetry

_T(B°(t) > f)-T(B°(t) > f)

2 (0= T(B°(t) > f)+I(B°(t) > f)

= C cos(Amgt) — S sin(Amjt)

= CP is violated if

= Cis called sometimes “direct CP violation”, but in this case no
nontrivial strong phases are necessary, unlike CP violation in decays.
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Determination of CKM angles

o =arg (——Vw\’@ j

Belle notation:
b, =B
P, =a

d;=Y

Vuqub

B“-}m,pp,pn:,..]

vV V .
y =arg (‘ﬁ £ =arg VeV
cd " cb thVt;

B > D'[*]'K[*]' \ ;'\

g% 5 pi* B - J/y K

B°> D Kn B> ¢ K,
= B” > JIyK™ )

(0,0) (1,0)

VeV + VgV + VgV = 0
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Useful notation for the CKM matrix

] A

MMIF—'
l:x..
o
/A
S
- 0
e

Vekm =

AN (1 — p — —A/\“

complex
Vudvub thvtb VCdVCb

ViadVar + VeaVer + VgV, = 0

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
P <
-

e e e
—~—
~——
~—
-~
-~
-~
~
-~
-~




Sin23

B—J/yx'

B — D DY-
B - 'K’

B — pK"

B —» wK"

B - 7'K"

B — gK"

B - KKK"

B — f"(980)K"

(0,0) (1,0)
ViaVay + VeaVap + VigVip = 0
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sin2/3: Golden decay B° — J /w K

IP(KO) =0

d cPu/yK®)=-1 and both B° and B° can decay to J/yK’ I Iy)=1"
d Va::- uct :Vﬂ,1 b - ‘ = b ‘ S

W e e ‘,{5 K > K

= time-dependent decay rate asymmetry

= define F12

=re* (r~107)

(leading order in r and t-t
contribution is dominant in M;,)

52



sin2/3: Golden decay B° — J /w K

JP(KJ) =0
J cPU/yK®)=-1 and both B® and B° can decay to J/yK? I ) =1"
Vi — (ﬂ] AJ lyK [ﬂj - _ (Vt;)\/td ](chvcb ](Vctivcs )
ks p BO AJ IyK? p KO thth Vcchb Vchcs
= In the SM,
2 -3 for BY — B°
1-|9] <y L | ) OUOT) TOrBy =By oy 1G]
p M., <0(10™*) for BY - B! p

= Then we obtain

_____ opposite oscillation
“““ ¥ for CP even final states
= this holds if tree amplitude dominates
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sin2/3: Golden decay B° — J /w K

= contamination from penguin amplitudes

5
u,c,t :;;r;< c JIp From unitary condition
b "-w-" Vt;)\/ts = _chvcs _Vut)vus

Pt ' ( v:bvrs] + (T+P0J ' (VZDVCSIJ + Pu ) ( v:rbvus)
= (T+Pc_Pt)'{. ;bwcs)+“:"1.I_Pl‘)'[‘"””:u:hVrus.‘J

- L. -

~0.1-T o 02 ~0A1-T e 1A
) [I

|| b
I

contamination is smaller than 1%

— Golden decay mode to measure sin23
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B> J/yK,

B > J/yK!?
sin2/ from b — ¢Cs S
B’ = 1.K{
r— . — . Bo_)”cK.g
Babar (465M BB pairs): Belle (772M BB pairs): B’ - 1 /yK"
w ¢ E L @ ] CP-even channels CP-odd channels
—_— = C e (qog . ] . A
O ?;4{)1]_ H. lags ,ﬁ{ |'|.=-] i p . P X
€ = [ °F ' ' 1 2 a00f 2
= Eiﬂﬂ_— 1 v 350F w 250F
L ' 2 2 o~
6 Jd 5 > » 300F 3 200 S
pu g 04: o £ 250} e @
g ;02' EE I.Ijznn_ u>.l150- '-t:'
> | 2 o ° 150} 100} -
o 2 .02 — 100f -
O \ fwf 2 so0kF 50 N
_ Z 3oL o oF 0B o
l'._l'.'l = E N ;‘ == o
o < 200f ~ 2 0.6 £ 0.6} ~
c = o E E
% E'm; g‘ £ 0.4 £ 0.4} g
- I Z 02 2 02r —
; 4 50_4 E 0 0 3
S £ 02 — 0.2F 0.2 &
E E‘ 0 -0.4 + 0.4
£-02
U ] 2-0,4 m -OE 1 1 1 1 1 1 1 -0.6 1 1 1 1 1 1 1
5 0 5 ALps) 6 420 2 4 6 6 420 2 4 6
Pt At (ps) At (ps)
[ sin2f = 0.687 + 0.028 + 0.012 ] [ sin2¢, = 0.667 + 0.023 + 0.012 ]

= direct CP asymmetry is consistent with zero as expected

| ¢, = 0.024 +0.020 + 0.016 | | ¢, = 0.006 +0.019 + 0.012 |
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sin2f. from b — sSs

sin(2BT) = sin(20") vs Cp=-A

L/
B— pK°
B - wK"
B— 7°K"
B — gK"
B — KKK'
B — f°(980)K"°
CPlMoriond 2014
PRELIMINARY

T

T T T

1 1 B

B® — ¢K°
b Mg, s
uct _ } o
B . Cep =-Acp
] K° T T
d d :
0.4
= almost same CKM phase as B® - J /yK?
NBy — 0K¢) = — Vo bua ) (YeVen) (Yeabes) oo |
Viph .":f Vo) ::’: Vi) s
ImA(B; = oK) = sin25 i
0 |-i-pesnnceee- s Sagenrenas
. . n K’
3 decay .domlnated. by penguin amp 5 R
~ sensitive to possible New Physics 021! o
" ]
i p” K,
I DA |- B B
other b — sss modes may have contributions =" | o0 p Kk
from tree amp or non - resonant decay B K'K K
= contamination -0 L

0.6 0.8 1
sin(2p") = sin(2¢5")

Cantours give -2a(ln L) = Ax® =1, carespanding to 60.7% CL for 2 dof
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Status of f measurement

eff’ eff’
sin(2p™) = sin(2¢; )m New Physics Phases in
— penguin b—>s decays

Iml llwlP@lAl!.lrmI'l aiE mEIN IIII EElE EEIEp* El""" i lli ElE EHEIN q:ﬁﬁq‘?ll
BabBar = L 0% 074007
& Bdl. i d 0.80 :ﬂﬂ yellow-orange patch

. i i long the dark beak
Average e— 0.74 1014 o e
ImEmImEmImEmS LR LR N Ry L Ry e Ty e e TN Y LN PERE T NP R PN el Y =—~— D
__ yellow-orange
BaBar —— 0.57 0.08 £ 0.02 yelomorunge

side of the head

¥  Bele e 0.68 £ 0.07 % 0,08 yelow-orange
[ Avam? i'?t1 o 0.83 + 0.08 the their chest

" BaBar

v Belle +*: 0.30 + 0.82 + 0.08

IIIIII fllAﬁml EIEfENIN EER EERN EENp*T"" e ‘ Il'.ll] nn alE mIN ?:?alﬁul.jlnll

% BaBar k- i 0.55%0.20 0,09
o Belle _—k < 0.67 £0.81 £0.08 7

Lohverage b L ARGl 087047 dwa ~ M

p allar — e R e oeshyedrol

o Belle —- u.y:&‘.hn.mtu.-m

L

Ave - : 0.54 90 1
- E:Ef:rﬂ" Crvem R S No evidence for NP at ¢
2

it 82 005 urrent level of sensitivity
o hverage LIl j

second largest penguin,
reaching more than 3' tall

CRP A

" dark back,
white front

0.4 £024

b
i
1
H
1
i

BaBar ~ et “pFa R

¥ Belle ; 0.65 1t

* Average = i 0.00 3035

% BaBar T DeEE0.1240.08

e Belle 1 0.78 7514

| &  Average i, 087
08 D8 H4 D2 o 62 04 0B 0.8 1 1.2 14 1.8 57



0,0)

ViaVap + VeaVep + VgV = 0

(1,0)

B—ar
B—ap
B->br
B-bp
B —aaq,
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sin2ainB’ = 777

J 77 is a CP even eigenstate and B and 8° can decay to n*x

: d ., . v d ., _
wud , ud ,-‘r
_V, ,,4‘:1: mwlp . Vu{.,ﬁi g " 'P
b -— - u _ _ =0 —» — u + +
0 —
B, . gr/p B S y gr/p

= If the tree-level amplitudes dominate, easy to measure «

= but significant penguin contamination with different weak phase exists

_ Vy Ve _
R 3 ﬂ+fﬂ+ A:n::Pt'(v;bvtd}+Pr:'(v;hvcd)"'(T+PH)'(VH'JVUJ)
0 [ ——) * *
B u,c,t 7] I o — (Pt_Pc)'[;_vﬂjvtd_}"i'{hr-"Pu_Pc)'gvubvud)
d > g™ ’P PE =T B
| VoV,= VoV, V,V
—» measure effective angle o, = &gy, + Ax @2 o - -

PIT~ 30 %



Isospin analysis

* B — rtn,ntn9,7n%0 are connected from isospin relations
= 7t states can have I=2 or I=0 because of Bose statistics

= isospins of Bs are I(B):%

= the tree amplitude is b— utd and Al =%org

= the gluonic penguin contributes only toAl =% because isospin is
conserved in QCD

—» only | =1state
= 1t70is a pure 1=2 state because I,(z'7°) =1
—» only tree diagram (Al=3/2) contributes to B* —» 7"z’

‘m+n° =|xr,1=2



J isospin decomposition in the 7*x~ state

11.0)

11, —1)

0, 0)

Isospin analysis

= [LL1:1,1)

1
E[|1. 1:1,0) +[1,1;0, 1)]

I

= — [, LL=1)+2[1,1;0,0) +[1,1; =1, 1}]
Vo

1
- E|||_1.U.—1}»+|L|.—1.ﬂ>|

= |1.1;=1,=1)

|

- EH],I.I.U}—I],I.(}.])I
1

= Ll =L =L D)
1

- EHI.I.U.—I}—|1.I.—1~[]}|

|
= — 1.1 1,=1) =1, 1:0,0) + |1, 1: =1, 1)]
V!T

J
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Isospin analysis

= Hamiltonian for b —zud

H=A;5,|3,+1)+4,,|L,+1L)
= Then, from Clebsh-Gordan coefficients
HIBTY=HL, +1)=1"34,,12,1)+(A4,,—L14,,)[1,1)
FBOY=F|L,—1) =v14,,12,00+ (A4, ,+ 4,,)1,0)+1/14,,10,0)
= the final i states are

T 7)) =12,1)

j.,r+ﬂ.—)=‘/_%|2,g)+1/‘%|o,o) Includes hadronization
- — and rescattering effects

|7°7%)=4/2(2,0) —1/1]0,0)

= define AYV={(n'n/|#|B'*7) o
A470=34,
A, =314, A;=VT4,,, = |[ViAT =4,—4,

A®=24,+ 4, .



Isospin analysis

= two triangles

A+ 4 A% = 40

e

- -

= B*— 7*20 is a pure tree decay

-0
— ‘44—#(1’ = 147"

= define 47 = ¢?¢r 17 where ¢ is the CKM phase of the tree diagram
=D A0 =% 40— p+0

K_=2Aa

a can be determined with an eight-fold ambiguity
(4 from orientation x 2 from the measurement of sin2(a+Aq)
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p-value

Status of & measurement

M - Bpp (VA

[] Combined

frop1a . --- B—onrn (WA) e CKM fit
B—sprt (WA)
1.0 ] ®
1 f': l‘ iy Iy sl %1 ‘1.q
i s I'h]" \ Y THR! N
[ ] '*.‘ 1 : “ i
0.8 ‘u H p i i . .
] ! 1. (] I ] I i
4 : 4 i E Il |r ! ,l b
i | i
0.6 | il . \ ;o
P ! 4 (R ! ! o
Vb el v ' 1 1o
3 ! il 3 v ! | T
0.4 ! ! i . i I | i .
‘_ 1 Y - . 1 r L] I ]
T it 1 i | [l 1
i ' : ! i \ ! ' T
P ] 1 i ! ' I | B
¥ 1 TR Vi
'y '[! ' . ? \ 4
v\ ' e \ v \r /
0.0 b . o b £
0 20 40 60 80 100 120 140 160 180
o (deq)
Direct CKM fit
a=(sssy)  (93.63)
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K—>zz and Al =1/2 rule

= s—uud transition — Al=1/2 or Al=3/2

. A 3
A = < 0 _ i +0 _ 9
A7 A® = A —2A, A=A
= Naive dimensional analysis tells us that A, and A, should be the same
order of magnitude

= for A2=O, At— = A0
Hadronic modes

= in experiments, r, 00 (30.69-+0.05) %
r, ats™ (69.20+0.05) %

= from a global fit, |4, 1]

:Tﬂwgg,

= Al=1/2 is more important than Al=3/2. (known as Al=1/2 rule) Why?

= partial answer(?): penguin (contributes only to A,), but not sufficient,
unknown non-perturbative effects?

MKt —=ata(I =2))
(K — mx (I =0))

= another example, = 4 x 1072



B - D K’x*

v

u

iVap + VgV, + VigVi, =0

(1,0)
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» measurement in B — DYKY

= interference of tree diagrams: theoretically clean (no penguin pollution)

L

A ; K™ > L ~ Eo
_ ~ <
. W 2 - W HIHH<
8- V., DO S K-
u u u u
Ve (~A2) Vu=[Visle ™ (~A3) |

= direct CP violation used ~ no time-dependent CP asymmetry, just rates

D°K* ~4(D'~ f)

V(‘b
B v + strong phases
~ I‘H}\ D — f

= not sensitive to New Physics ~ theoretically clean determination of y
= theory uncertainties from hadronic parameters
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» measurement in B* —» DYK*"

= 5 Vul:b=|vub|e e ("'13)

u
zD°

A K-
b " z , B w ] Og= strc?ng
8 Va(-A) D _ K-  phase diff.
rs = amplitude ratio
A(B~ - D°K™)=Ap A(B — D°K~)= Agrge'(®8—7) =01
ABT > D°kt)=Ap ABt 5 D°KT) = Aprge’®st7)

cl

Acp oc Az SInysin o,

= different methods to determine four parameters

1) Use a CP mode for the DY
[Very) small

GLW (Gronau, London, Wyler) Branching Ratios
CP+ and CP- modes CP- probably not

0
accessible at LHC 3) Use the D K, decay

Ddllitz plot description

(K*K~ m*x™) (K", @5, 1 K, p Kz, 00Kz}
Dalitz GGSZ (Giri,
Grossman, Soffer, Zupan)

Only analysis giving
information on y

2) Use CA(KTr) mode for the V., decay and DCS(KTr) for 3 body decay : 2D plane (Daiitz plof) analysis

the V, decay {D” S K xt (Very) small Branching

. ) o 4D Ratios
ADS (Atwood, Dunietz, Soni) DY =K o'

Strong phase between
0 e —
e S the D? decays 68




GLW method: B* - DK* —[f] K*

[PLB 253 (1991) 483]
= proposed by Gronau, London, Wyler [PLB 265 (1991) 172]

= measure decay rates to CP eigenstates and flavour-specific states
v' CP eigenstates:|[ f], =(CP even) K'K", 7"z, (CP odd) K.z°, K., K.¢
v" flavour-specific eigenstatesD® - Kz~ ,D° - K z*
= CP eigenstates \DOCP+>=%(\D°>+\5°>) — two triangles in the complex plane
V2-A(B*»> D%.K*) = A(B*'> D°K*) + A(B*> D°K")
2.-A(B > D%.K )=A(B >D°K )+ A(B » D°K")

= b — c transition is real = one common side in triangles
AB">D°K’) = A(B » D°K)

V2A(B~ — D°K~)

VZA(B* — DYK*) A(B~ - D"K7)

= y is extracted from b — u transition T i
VLA

AB" > D°K") = e®Y- A(B » D°K")

A(BY —» D°KY) = A(B~ — D'K")

= experimentally challenge due to small ry ~ squashed triangle
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ADS method: B* —»DK*—[f] K*

[PRL 78 (1997) 3257]
= proposed by Atwood, Dunietz, Soni [PRD 63 (2001) 036005]

= interference of amplitudes with similar magnitude — large interference and €P

(], —K'z D° —» K*z~ : Cabibbo - favored
P D° - K*z~ : doubly Cabibbo - suppressed

DK~ xrp - €
f 'D_) + - v* V / \\ )
py= AP 2K T | Yealus 320,05 oK™
A{D _) K+ﬂ: 1’ VUdvcs \ /

xXTp: ¢35 =) DK~

= v extracted from ratio and asymmetry of decay rates

_ (B2 [Ka [, K)+T (B> [K a'], K B+'+2r r,cos(8;+9 }] [cos ]
ADS T (B K n*|,K )+T (B> [K'n |, K R ° b

A _ TB»Ka K )-TB>K=a,K) _ 2-[rBrDsin(6B+GD}]-[siny]
ADS T r(B s [K'n,K)+T (B> K x|, K’ R aos
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p-value

p-value

Status of y measurement

--- BaBar GLW+ADS ==+ LHCb GLW+ADS
Winter 14 --- BaBar GGSZ Winter 14 --- LHCb GGSZ
[ BaBar Combined 2 LHCb Combined
1o N BRI NG Y R L B B AL L N B B TR U I S B I U
0.8 ] "-_! N !
os [ 1 8
C i‘ 3
04| ' . &
02 | ."\.‘ = 1
g e S ]
0 1] 20 40 60 80 100 120 140 1;0 180 ' 0 20 40 60 80 100 120 140 160 180
+17° +12°
y[BaBar] =72" y[LHCb] =68";;
--- Belle GLW+ADS 3 Combined
Winter 14 --- Belle GGSZ Wnier 14
[ Belle Combined
1.0 T T [T vy T 1-0_|||||\ T T N S B B e B
08 |- 7 08 [ -
06 - R o o6 .
- 4 E [
g
0.4 - - & 04| .
02 - ] 02 . .
00 Liola L - Srdann el 1 0.0 Loee 1 -.'\';'f'.J P IR B
20 40 60 80 100 120 140 160 180 o 20 100 120 140 160 180
Y
+130 . +7.7o
y[Belle] =73";; y[combined] =70.0"g,

y[fit] = 67.27¢ (blue bar)
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