Neutral Meson Mixing



Why should we study this?

e CPV first observed in K" — K
e Gives best flavor constraints on NP (as indicated previously)

e Neat phenomena

o Active field

Plan:

e Start with kaon: CPV in mixing (epsilon)

e CPV in decay (epsilon-prime)

e time dependent observables

e CPV in interference of mixing and decay (B)

Leave D-meson standard conventions as homework (same physics, different notation)
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What is mixing? e,
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B, — DIn™

Tagging:

Same side
Kaon tagger K~

T[+
same side A
~-., Pprimary ve rtex
proton proton
> <
. id _ -— - vertex charge
opposite side opposite B ~ tagger

u* and e tagger

(from b — cl¥) Opposite side KT tagger
(from b — ¢ — s cascade)

Pictures from:
S. Wandernoth
Rencontres de Moriond 2013



Very roughly, we guess BS — B, — BS — B, — -

e~ 2l cos(wt)| Bs) + sin(wt)| Bs)|
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EDZMC f) @Eﬁg) = Bl =T [emleni)s(0) —Gema(eni)iEa D))

A
n =
= M

) has eigenvalues 1=*e€ and eigenvectors ( ill)
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Mixing: formalism
Weisskopf-Wigner

Analyze all at once: X" = K° DY, BY, B,
Neutral mesons, at rest

PIX%) = -[X%)  P|X)=|X")
CIx°) = |X°) CIX°) = X°)

CP| X% = —| X% CP|X% = —|X°)

' — S P
HoMogr— (M7 MeTape) MR ey
* sk B
2 12— 3l1a M—3 rf=r 2) = | X0)
H' # H (unstable)
We have insisted on CPT :

(CPT)"'H(CPT)=H' = H;; = Hy
(If you want to test CPT you relax this)

CP-invariance = M

12 = M2, Ty = T2 CPVif ImM;is # 0 or ImI'i5 # 0



) M2 My — LT
H:M__F_< * ’%* 1 % 12)
2 Miy =5l M —3
Define eigenvalues
{ _ (R p ! {
Mxy —5lxy =M — 3T+ 35(AM — 3
L L
€1genvectors
0 v 0
X ) = plX7) +¢|X7)
Note that for g =p CP|Xu)=F|Xn)
Solving:

p . Mi—3T1s 1AM — AT
¢ AM - Al 2 Mj, - 4T,

(AM)? — —(AT')? = 4|Mo|* — |T12)?

1
It follows that: 4

AMAT = 4R6(M12F>{2)

7



For Kaons, it is common to define “Long” and “Short” (instead of Heavy and Light):
. B . . .
MK@ — %FKé =M —3I'x §(AM — %AF)

Ko) = ! (14 €)[K) = (1 — €)|K)]

ST V201 + e

EZO#CP’KI) = —’KL>

CP|rm)p—o = |m7) =0, CP|T7m) =0 = —|77T) =0 = Kg = nm, K, = mrm

Br(Kg — mm) = 100% e epsilon is small

e CP is not a symmetry
Br(Kp — wm) = 0.297% e Longer K lifetime accidental
Br(Kp — ) = 33.9%

mi ~ 490 MeV 3m, ~ 420 MeV

7(Kg) = 0.59 x 1071 s
7(K1) =5.18 x 107% 5

This is no longer the case for heavier mesons.



see, e.g., Messiah, v2 994-1001

Perturbation theory (in H): connect with underlying fundamentals

(@[ H|n) (n|H]j)
M- E,

Mij:M5¢j+<i|H\j>—l—ZPP .
Dy =21y  6(M — Epn)(i|H|n)(n|H][5) +

" E 5,
beware, here: (i|7) = E53 (F—1")



Time Evolution

— Mgt —

1
FII—{)‘XH> — |X1£I(t)>:€ L@~

I'pt
L

d
i—|Xn) = (M — X (0))

| X i ) are eigenvectors: no mixing

But often create X° or X°. These mix, since they are a combination of Xy and X7.

Time evolution:
Invert | X0) = (|1 Xp) + | XL)) |X0>=2—1q(|XH>—!XL>)

‘XO(t)> _ 1 [G—ZMHte—FHt’X _I_ G—ZMLt —FLt’X )>:|

2p \ /

and use > p|X°(0 (0))

X°(t) = f+(t)\XO> + 1)1 X%)

1 . _ 1
Exercise: fj;(t) _ %G—ZMLt_2FLt(€ tAMt—5 ATt 4 1)
°(

t)) = 2f-(6)|X°) + f+(8)|X7)
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almost zero?

Mixing: slow/tast?
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It’s about time we comnect with SM! So let’s see...
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1+e€ Mis — T 1 AM — LAT
Want this: S 1 % = _ 9 » 22 »
l1—€e¢ ¢ AM — ZAT 2 My, — 217,
. / | H H|j
Use this:  pr. — M6, + (iH]5) +ZPP<Z’ A‘;%% i),
ij =2mY 6(M — Ep){i|H|n)(n|H|j) + -
Clear that:
b B ds
B u,c,t uc,t B Only M12
g T
b . het : d.s
B’ ! W 8" t-quark: only Mi>

ds u,c-quarks: M2 & I'12

u,c,t

12

(AM)? — =(AT)? = 4|Mis|* — P12

L
4
AMAT = 4R€(M12P>{2)

Quickly; for B° & Bs-mesons:

e modern-GIM: -quark dominates
e Neglect I'12
e Then AM = Q‘Mlgy
e Then p/q= Mis/|Ms]
a pure phase
e No phase in Feynman diagram

(no cuts), phase from CKM'’s only:
p/a= (VoVia)*/ Ve Vial*

¢ idem for Bs:
pla= (Va Vi) Ve Visl?

e in SUQB) (Gell-Mann) symmetry limit

(AM)p, /(AM)po = |[Vis Vo]



10*}

1Q7
recall this: 103

Auv [TeV]

102

(s = d)

i AmK) €K

(b —d)
Amg, sin28  Amg, AS, D-D

We can now understand it! For example, take €x =€

< ye t d
- 2~
bmM,y = Im(zm\ : lmk@g Vs U

2N 3[R m) e

(b—s) (c — u)

dv's, dy SJE”)J

W My

boust 7 Ut "?‘:‘
Compare with %<KO|dL’Y'u5LdL'ﬂLSL|KO>
A2 < 472 1 N { 6 1
= GRM, ViV 2 [(1075)(102) (0.04)(0.004)

Exercise: check the other three mixing “bounds.”
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2
Gev] ~ [4 x 10*TeV]?
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CPV in Decay

e Nothing to do with mixing, per-se

e Conceptually Simple
* Predictability: difhicult
e Later also CPV in mixing and decay

I some rate

I' the conjugate of the above
(under something: C, CP, 0 — 7 — 0 )

T
asymmetry A — 1—‘ _|_ f‘
(112 — [{fIX)P°
[{(FIXD2 + [{FIX)]2

CP decay-asymmetry 4 =

15



Example: D decay 1

/U (f|X) =aA+bB
Vi Vs 5 VoV d Fl v\ . % A X T
) .. p (f|X)=a"A4+0"B
q g q q a = VCZVIL87 b= chtlvud
d 3
C ; C A= (7l(zr"s1) s1en) D)
B = (fl(ury*dr)(dryuce)|D)

CP invariance of strong interactions:

A= (fl(ury"sr)(5Lvucr)|D)
= (f|(CP)~ (CP)(ury*sL)(5LyucL)(CP)~ (CP)|D)
= (f1(5.7"ur)(ELvusL)|D)

=A
N £l v\ |2 _
CP decay—asymmetry A — ’<f‘X>’ ‘<Ji“>_(>‘ Where <Ji|)g> a’f —I_ bB*
[(FIXD)12 + [(F1X)12 (fIX)=a"A+0"B
A ZIHI(CL* b) Im(A* B) For direct CPV need both phases!
~ * * (and knowledge of matrix
|CLA|2 T |bB|2 T ZRG(CL b)Re(A B) elements computed with strong
interactions):

Note that

Im(a*b) = Im((%ivuS)*chVud) = Im(VcsvctiVudVJs) =J

16 as promised ...



D::

CP-violation decay-rate asymmetries
Acp(p=v) = (8 £ 8)%
Acp(KEnT) = (—0.41 £ 0.09)%
Acp(KT27%) = (-0.1 + 1.0)%
ACP(KEF Tt r0) = (1.0 £ 1.3)%
Acp(KEnE7Y) = (0.3 £ 0.9)%
ACP(KgWiW+7T ) =1(0.1+£1.3)%
Acp(nT70) = (2.9 £ 2.9)%
Acp(ntn) = (1.0 £ 1.5)% (S =1.4)
Acp(mT1/(958)) = (—0.5+ 1.2)% (S =1.1)
Acp(KEKE) = (—0.11 £ 0.25)%
Acp(KT K= 7%) = (0.36 & 0.29)%
ACP(Ki K*0) = (-0.3 £ 0.4)%
ACP((M ) = (0.09 £ 0.19)% (S =1.2)
Acp(K* K3(1430)°) = (8”)0/
Acp(KT K3(1430)°) = (43752)%
Acp(KT K%(800)) = (— 12+18 %
ACp(ao(1450)0 7E) = (- 19+}‘6‘)°/
Acp(0(1680)7%) = (—9 + 26)%
Acp(ntn=nt) = (-2 £ )%
Acp(KOKEntn™) = (-4 £ 7)%
Acp(KT710) = (-4 £ 11)%
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B:l:

CP violation

Acp(BT
B+

B
B—|—

Acp

(
(
(
(
(
(
(
(
cp(
(
(
(
(
(
(
(

Acp(BT — DY°K*) =0.01 + 0.05

L A A A A

l

J/%(1S)KT) = 0.003 £ 0.006

J/p(1S)7t) = (0.1 + 2.8) x 1072

J/YpT)=—-0.11 £ 0.14

(S = 1.8)

J/9 K*(892)T) = —0.048 & 0.033

ne K™) = —0.02 + 0.10
Y(2S)7T) = 0.03 £ 0.06
»(2S)KT) = —0.024 + 0.023
¥(2S) K*(892)™) = 0.08 + 0.21
Xc1(1P)mt) = 0.07 £ 0.18
XcoKT) = —0.20 £+ 0.18
Xc1 KT) = —0.009 + 0.033
X1 K*(892)T) = 0.5 £ 0.5
D7) = —0.007 + 0.007
Dep(4+1ym) = 0.035 4 0.024

(5=

[KTrtrt 7= ]pnt) = 0.13 £ 0.10
(S=21)

Acp([KTantntn~]pKT) = —0.42 £ 0.22
rg(BT — DOK*) = 0.096 + 0.008
og(BT — DOKT) = (115 £ 13)°

rg(BT — DOK*t) =0.17 £ 0.11
og(BT — DOK*T) = (155 £ 70)°

Acp(BT
Acp(BT
C
C

g
vy
_|_

> > > >
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+
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Q
g

vy

_|_

[K—7t]pKt) = —0.58 &+ 0.21
[K—7nt a0 pKT) = 0.41 £ 0.30
[K~nT]5K*(892)T) = —0.3 +
[K~7T]pnT) = 0.00 £+ 0.09

[K— 7t 70]pnt) = 0.16 £ 0.27

(S = 2.3)
(S = 2.0)

(S = 2.0)

1.5)

0.5

[K_7T+](Dﬂ.)7'('+) = —0.09 £+ 0.27

[K_7T+](D7)7T+) = —0.7 £ 0.6
[K_7T+](D7r) K+) =08+04
[K_W+](D’y) K+) =04+1.0

(S=12)

I8

Acp(BT —
Acp(BT —

[t 7~ 7%)pKT) = —0.02 £ 0.15

Dcp(+1)KT) = 0.170 £ 0.033 (S =1.2)

AADS(B+ — DK+) = —0.52 £ 0.15
Aaps(BT — DrnT) =0.14 £ 0.06

Acp(BT —
Acp(BT —
Acp(BT —
Acp(BT —
Acp(BT —

rg(BY — D*OK*) =0.114770%5

Dep(-1) KT) = —0.10 + 0.07
D*07r+) = —0.014 £ 0.015

0 +\ —
(D¢ pripy)’m) = —0.02 £ 0.05
(D;;P(_l))%ﬂ = —0.09 4+ 0.05
D*0K*) = —0.07 4 0.04

—0.040 (SI=RE2)

5% (Bt — D*OKT) = (310723)° (S=13)

Acp(BT —

+ o+ +

+ o+

+
L A

W HWmWHmHD®®I®
+ +

_|_
!

D*O

+) —
D

Cp(-1yKT) =007 £0.10
Dcp(+1) K*(892)1) = 0.09 + 0.14
Dep(—1) K*(892)") = —0.23 £ 0.22
Df¢)=00=+04

D*+D*9) = —0.15 £ 0.11

D*+ D% = —0.06 & 0.13

D+ D*%) = 0.13 £ 0.18

D+ D% = —0.03 £ 0.07

K%7rT) = —0.017 + 0.016

K+t 79) = 0.037 = 0.021

n Kt) = 0.013 4 0.017

n K*(892)T) = —0.26 + 0.27

n' K3(1430)%) = 0.06 + 0.20

n' K3(1430)") = 0.15 £ 0.13

nKt) = —0.37 + 0.08

nK*(892)1) = 0.02 4 0.06
nK§(1430)T) = 0.05 & 0.13
nK3(1430)T) = —0.45 + 0.30
wK*) =0.02 + 0.05

wK*t) =0.29 4+ 0.35

w(Km)gT) = —0.10 + 0.09

w K3(1430)") = 0.14 + 0.15
K*¥0rt) = —0.04 £ 0.09 (S =21)
K*(892)* 70%) = —0.06 + 0.24
Ktn—at) = 0.033 + 0.010

KT K~ K™ nonresonant) = 0.06 + 0.05
f(980)°K+) = —0.08 + 0.09
f(1270)K+) = —0.68 7017



L A A

fo(1500) KT) = 0.28 4 0.30
f4,(1525)°K*) = —0.08 1302
pPKt) =037 +0.10
K5(1430)07 1) = 0.055 = 0.033
K3(1430)°7+) = 0.057 329

K+t 7070) = —0.06 + 0.07

KOpt) = —0.12 + 0.17

K*T 7t 77) = 0.07 + 0.08

PP K*(892)T) = 0.31 + 0.13
K*(892)™ £,(980)) = —0.15 4 0.12
a; K9 =0.12 £ 0.11

b) KO) = —0.03 £ 0.15
K*(892)° p*) = —0.01 + 0.16
b KT) = —0.46 £ 0.20

KOK*) =0.04 £ 0.14
KIKT)=—-021+0.14

KT KLKL) = 0.04 1508
KTK-7nT)=-0.12+0.05 (S
Kt K= Kt) = —0.036 + 0.012
pKT)=0.04 £0.04 (S=21)
Xo(1550) KT) = —0.04 + 0.07
K** Kt K~) = 0.11 4+ 0.09

¢ K*(892)%) = —0.01 + 0.08
¢(Km)st) = 0.04 £ 0.16

¢ K1(1270)7) = 0.15 £ 0.20

¢ K5(1430)7) = —0.23 £ 0.20
Kt ¢p) = —0.10 + 0.08
K*[¢¢l,.) = 0.09 £ 0.10
K*(892)"~) = 0.018 + 0.029
nKty) =-0.12 £+ 0.07
pKTv) =—0.13 £ 0.11
pTv)=—0.1140.33
mt7%) = 0.03 £ 0.04
ata~at) = 0.105 £ 0.029
pPort) = 0.181‘8:(1)?
f,(1270)7 ") = 0.41 + 0.30
p0(1450)7t) = —0.1+ 32
fo(1370)7*) = 0.72 + 0.22
7t 7t nonresonant) = —0.14 1923
pt70) =002 +0.11

ptp%) = —0.05 & 0.05

1.2)
1.1)

(S =1.1)

(S = 1.3)
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Acp(BT
v(BT —

D

wnT) = —0.04 &+ 0.06

wp™) = —0.20 4+ 0.09
nnt)=—0.14 £ 007 (S=14)
npT) =0.11 £ 0.11

n'm+) = 0.06 &+ 0.16

n' pt) =026+ 0.17

b7 T) = 0.05 + 0.16

ppmT) = 0.00 £ 0.04

ppKT) = —0.08 4+ 0.04 (S=1.1)

ppK*(892)"T) = 0.21 £ 0.16 (S = 1.4)
pAy) = 0.17 £ 0.17

pAn®) = 0.01 & 0.17

KT¢t¢~) = —0.02 + 0.08

KTete ) =014 +£0.14

Kt utu~) = —0.003 + 0.033
K*T¢t¢~) = —0.09 £+ 0.14

K*ete™) = —0.14 £+ 0.23

K*putp~) =—0.12 + 0.24

*)0 K(*)+) — (731—5)0



CPV in mixing

Kaons first (will come back to heavier mesons)

Physical approximations:

If CP were conserved € = 0,ImM;5 = 0,ImI';5 =0
and we would have = AM = 2ReM;,y, AI' = 2Rel'15

CPYV is small: assume ImM 5 < ReMi3, ImlI'is < Rel'is

.Iliz — %Iml“lg

AM — AT
We'll see ImI'15 < ImMio Empirically AI' ~ —2AM = £ A9 @ \/5 AN

Example: Conceptually clean measurement, semileptonic charge-asymmetry

gz Plkome) -T(Komev) _ leel’-N-el | g p

["(I<L~>W’f*u\+F(lluﬂ)*e‘v\ h+ell+ Jl-e)?

_— —+ a ’ . - _%
5_2%()—~ 0.330,0,Ol2,/0 Ca|vxe/) /Q?é = ].GSX/O

20



Example: Time dependent charge-asymmetry in semileptonic X decay (“Xi3 decay”)

Like 0 above but now (%)

Iv'bnoc]nromaj'ic })f’mw DJ; Xo.d )—(35

setu k > (@ \ —
: f )7~ﬁg\|,m bavget N

oy eV

l’V’Olj [ C Doy //_’_/_,_,7
delechs cronay

Assume beam has Nxo and Ngo of X° and X"

Nt - N~

o) = N -

where ¢ is from distance from target/magic box

_ Nxo LX) — netv) —T(X°(t) = nTe v)] + Ngo[['(XO(t) = 7 etv) —T(XO(t) —» e v)]

o(t
(t) same but with 4+ + 4+ signs

yeach! real life is complicated...
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Exercises

Ezercise 2.5.2-2: Use I'(K°(t) — 7 ev) o< |[(n~etv|Hy |K°(¢))|? and the assump-
tions that

(i) (r—etv|Hw K (t)) = 0 = (nte~v|Hw|K°(t))

(il) (r—etv|Hy |KO(t)) = (nte—v|Hw|K (1))

to show that

SECS
3

(Nio = No) | £ (D12 = 1£- (1) 22 ( g ) + 1(Nigo + Neo) £ (8)

IS
\V)
|
SYIS
\V}
N—

0(t) =

(
(50 + N |10 +15- e (|3 + [2[°)] - o - wgoniscor [z [2])

iSECS
I3
QI3
T I

Justify assumptions (i) and (ii).

KAONS: p/qg= (1+¢€)/(1—¢) a = (Ngo — Ngo)/(Ngo + Ngo) Al' ~ —T'g

a [|f+@)1° = [f-@)°] + 4Re(e)|f- (1)

£+ @)% + |- (@)]?] — daRe(e) [ f-(£)]?

2ae 3 l's! cos(AMt) + (1 + e 'st — 2~ ol'st cos(AMt))2 (14 %) Re(e)
1+ e Lst

0(t) =

Y
Y
/ ~

22



o008
B CHARGE ASYMMETRY IN THE DECAYS K'— - m'elv

006 +

004~

002

K° DECAY TIME t' (10"Ysec)

(N'-N)/(N*+N)
o

-002

-004 1

=006 -

-008 —

muons:

Fig. 1. The charge asymmetry as a function of the reconstructed decay time 7' for the Kg3 decays. The experimental data are
compared to the best fit as indicated by the solid line.

CHARGE ASYMMETRY IN THE DECAYS K°—a mip'v

uva—

002—

S. Gjesdal, et al, Phys.Lett. Bs2 (1974) 113 - et

T 1 1 I
20

r K® DECAY TIME t' (10"°sec)
-002- :

(N-N)/(N"+N7)

The solid curve is a fit to the formula
of previous slide from which the parameters s
I's, AM, a and Re(e) are extracted.

-010+ +

23 Fig. 2. The charge asymmetry as a function of the reconstructed decay time 7’ for the K3 decays. The experimental data are com-
pared to the best fit as indicated by the solid line.



http://inspirehep.net/author/Gjesdal%2C%20S.?recid=90193&ln=en
http://inspirehep.net/author/Gjesdal%2C%20S.?recid=90193&ln=en

This is BY (in hadronic decays)

x Lo x 17
g ~a) 48 b)
- 05+ B -
'1-20‘“‘-1‘0””(‘)””1‘0””20 '10‘“‘5‘””1‘0””1‘5””20
At (ps) |Atl (ps)

FIG. 25: Time-dependent asymmetry A(At) between unmixed and mixed events for hadronic B candidates with mgs >
5.27 GeV/c?, a) as a function of At; and b) folded as a function of |At|. The asymmetry in a) is due to the fitted bias in the
At resolution function.

Babar, arXiviorg > hep-ex > arXiv:hep-ex/0201020
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http://arxiv.org/
http://arxiv.org/
http://arxiv.org/list/hep-ex/recent
http://arxiv.org/list/hep-ex/recent

CP Asymmetries in Interference Mixing-Decay

o . . .
5 6 Mixing gives two paths to same final state.
B o ™~ -J. If final state is a CP eigenstate this can test
Ty Ea 7 for CPV in the two decays.

This we know: D(XO(1) — £) = | (6)( F|Hul X°) + & F_ (1)(f|H | X°)
This defines shorthand: = ‘f_|_ (t)Af + %f_ (t)f_lf ‘2

dem —T(X00) ) = [BF-(As + 1 (DA
Time-dependent asymmetry

(similar to d(7))

25



1.Semileptonic (much like 0®): f=e +any

T aot X0 + B
b%ce_ﬁ = _O—>e_+any Then 4{:0 F(){O(t)%f)
b—ce v = X —e +4any Af—O F(Xo(t)%f):
2 2
p, _ |4
q p
Asp(t) = 2 2
p q
q T p

e Directly probes |g/p|
e Time dependence? time independent

e We already saw that in SM this is expected to vanish to good approximation (if I'i2 =0)

e We did not try to improve on our approximation nor estimate deviations; guesstimate

B ACSiL =0 [(mg/mg)sinﬁ} < 0.001 . By Al = O [(mg/mg)ginﬂs] < 10_4_.

e Experiment
A = (+0.7£2.7) x 1072 = |g¢/p| = 0.9997 £ 0.0013 .

S = (—17.1£55) x 1072 = |q/p| = 1.0086 = 0.0028 .

p

In what follows take | — | — 1  and it makes sense to use AT ~ 0

q

Simplification: i) = o—iMt —Tt CO?(% AlMt)
26 —isin(5 AM¢?)



2. CPV in interference between a decay with mixing and a decay without mixing

B0
No distinction between final states Ay = Ay Ar = A ~1n° "

PI-(OAf + f+(OAf|° — [f+(®) Ay + LF- (1) Ap?
- Ar + L (O A2 + | [+ (@) Af + S F- (1) Ag|?

Divide by |4|?, use |p/q| =1 and define

AfCP —

() + fr@OAf]7 = | f+(2) +
(@) + [ @) Ap]2 — | [+ (E) +
1 — )\f 2 ZIm)\f

= AMt) -
Ly MO T

f-(O)As]?
f=()Af?

sin( AMt)

= —Cfcos(AMt) + S sin(AMt)

2



Example: f=D"D-

AD+D_ X ‘/;z‘/cd AD+D— X VVCb‘/cti

We have already seen that

p 2M2 AM Mo
- AM

|

Putting these together  |Apip-| =1

and

% %
Vcb cd 7 tb V;ﬁd

Ay

A—f:

*
tbv;fd

2MY,  |Mio]  V, V3

*
Vcb cd

*
cb Vcd

Sp+p- =Im (Ap+p-) =Im <VC>ZVCd thvttl) = Im(e?"P) = sin(20)

This is pure KM phase! No hadronic uncertainties.
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Just as in direct CPV: A i al + bP
_ a, b = CKMs
Af —a* T +b*P T P=ME.s

(“tree” and “penguin”)

Suppose |P‘ =0 = Af = —%

That’s just CKM’s. No dependence on unknown M.E.s '

For pointing this out I. Bigi and A. Sanda
received the Sakurai Prize 2004

... and a race to build B-factories was on!
(well, with the added idea of asymmetric
colliders)
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B — J/YKg
A“»DKS — (VcbVCZ)T = (VubVJS)P Vctlvcs

X
AQPKS (V(;I;)VCS)T 5= (VJbVUS)P Vcdvcz

Neglecting P:
)‘wKS = —e 2 S¢KS — Sin(Qﬁ), CwKS =0

PDG: Sy = +0.682+0.019, Cyx = (0.5+2.0) x 1072

B —
Arr B (Vo V)T + (Vi Vig) P
AT('T(' (szjbvud)T - (Vvtﬂl;v;ﬁd)P
PDG: C 4+ — = —-0.31+£0.05
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Real life,

1P| #0

(for this observation, I got no prize; Phys.Lett. B229 (1989) 280)

b—qq¢ BY— f B; — f CKM dependence of A f Suppression
b—écs YKg o (VEVL)T + (V5 V) PY loop x A2
b— 355 o¢Kg oo (VEV.) P+ (V! v S PY N2

b—uus 7Kg KVK~ (VAV. )P+ V5V, )T  X2/loop
b—ced DTD™ ¢yKg (VAV )T+ (ViV,,)P'  loop
b—ssd KgKg ¢Kg (ViV,)Pt+ ViV, )Pe <1
b—aud ntn~ pUKg (V;b ud)T + (V{Zth)Pt loop
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C_ (B - D**D*7)=0.19 £+ 0.31

S_(BY— D**D*)=01+16 (S=35)

C (B® — D*(2010)" D*(2010)~ K%) = 0.01 + 0.29
S (B® — D*(2010)* D*(2010)~ K%) = 0.1 + 0.4
Chip- (B®— DTD™)=-046+021 (S=1.8)

Cpee p+ (BY — D*(2010)~ D*) = —0.01 £ 0.11

Spe-p+ (B® = D*(2010)~D*) = —0.72 £ 0.15

Cher p- (B® — D*(2010)" D7) = 0.00 + 0.13 (S = 1.3)
Spe+ p- (B® — D*(2010)*D~) = —0.73 £ 0.14

Coer pe (B® — D*TD*7) =0.014+0.09 (S =1.6) _ .
5§*+g*= (B - D**D*~) = -059+0.14 (S=18) Sp+p- (B° - D*D™) = _%_99j0_14

C. (B® - D*D*~)=000+0.10 (S="16) S B = ) = —0I5 £ TS

S, (B® - D**D*") = —0.73 + 0.09 S)p(asyn0 (B® = J/(15)7%) = —0.94 £ 029 (S =1.9)

C ., (BO— DYLAOY = —023+0.16
DY) b

S o (BY— DYV A0) = —0.56 + 0.4
Deph

Cro0 (B — KO79) =0.00+0.13 (S=14)
Sio.0 (B® = K%n%) =0.58 + 0.17
(B — 1/(958)K%) = —0.04 £ 0.20 (S = 2.5)

(B — 7/(958)K%) = 0.43 £ 0.17 (S = 1.5)

Cn’(958) K

577’(958) K

sin2p") = sin(2¢5") vs Cp = -ACP@ Crwo (BY — 1 KO) = —0.05 + 0.0
Moriond 2014 0 0y _
Cep =-Acp PRELIMINARY Sy ko (B” — n' K®) = 0.60 + 0.07
| ' ' ' ' ' C o (B = wK%)=-030+028 (S=16)
S
s S ko (B = wK%) =1043+024
04 - - S
: C(B® » K%n%70)=02+05
S(BY— K%x07r9) =07+07
g Coko (B — pPKZ) = —0.04 £ 0.20
021 | 1 S S(Bo_> 0K0) — 0.50+017
; PO K PRs V021
0 0 0y _
B bess Cora (B® — £(980)K§) = 0.20 & 0.20
O ey gk 7 T Seky (B — H(980)KE) = —0.50 = 0.16
'K Sy ko (BY = H(1270)K) = —05 £ 0.5
: S
02 § Koslfs Ks | Coro (B° — H(1270)KY) = 0.3 + 0.4
i no KS S o (B® — £ (1300)K%) = —0.2 + 0.5
5 - C. o (B — £.(1300)K) = 0.13 + 0.35
N E @ (O] KS | fx K% % 5)=0. .
0.4 B £, K SKO .t e (B° — K97t 7~ nonresonant) = —0.01 & 0.33
K'K K" Cro ot o (B — K%zt 7~ nonresonant) = 0.01 + 0.26
; : : : : C B — KYK2)=00+04 (S=14
-0 0.2 0.4 0.6 0.8 Kk (B = KsKs) ( )

:
sin(2p°™ = sin(2¢5") Sko K2 (B — KYKQ)=-08+05

Contours give -2A(In L) = sz =1, corresponding to 60.7% CL for 2 dof
Chet k= K0 (BY - Kt K~ K% nonresonant) = 0.06 + 0.08
S

+ twoO more pages
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EPILOGUE

State of the art:

1.5 L L | | L l LI :l I L | 1 I | L L
excluded area has CL> 0.95 : % n
_ % _
i T % i
1.0 — “% _
0.5 - / ~

SER

= 00— LS
— a |
C |
- =4
05 — -
; o
- % Y sol. W cos2§<0

- Summer 14 ! {excl. atCL>0 95) -~
.1'5 | S I | l | I I l 1 1 1 I | I T | I L 1.1 1 I l L 1 1 |

-1.0 -05 0.0 0.5 1.0 15 2.0

P

Exercise: you should be able to understand these shapes
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The End



Fogatt 4 Nielsen, nPBIut 237 ('79)

Hie(a(c\nie; 7{fovv\ small order Pamekf ().

-IDEA {113 qu“ Pamm‘-.),r & = <_¢I;7\.> << ]
IM) 37"’”’61[")’ g v 6 prPVPvrh M(Sﬁ#ms @LJ‘}’RJ’

lM") Joms (%Y‘j U_/zi Yo allowed by G
II.U') <#0 brpaks G 3{’”"‘"“‘"?005)}/
[U) Dillertni charges wier 4 for o[“,]f.]tl-en‘l Wi

S'l\mp]e.d i{- G - Um; wha Q@)L Q(%-,)TC-\-ID; Qllyg;\ =C-a,

P Q@UH) heh) 15 o B Gy, n,-ah

else (%—* \Aﬁ Pus Yoy
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-TQI«? ij = ‘3;3 éaﬁ—b‘i 0;>0 ,h.i 20

Guwd order- M\QM a,£0, S 4y b,éb,s \C)3

F\V\arc\’ly /&WOC(JLC);.? AS'< H,.Q ()rulc.S) 6:[9‘;33 - all enkies of

Same 0 rc)er

\/\/\/Mf Cin we sSay about maésﬂ/mixfwg ?
GM = dop nan block 1 G

rodyct 01 }argoﬂ — 73)\ .y GM ékn n
P S iacialigs T (et ™) Kes 2 (a;45;)

n

M\  Ged6™)  Gusb . @G b,
2\ - JH e}+ mass WM, = — = 7t On © w, Y R
(i) d " F (™) 3 W €

(i) (eMT First med o wass wmabies, 3o let/s inbodve

U. MU+~ g My ¢l
ASJUN .eu\,\ 1 $ OJ— M\_{ ﬁ)/lﬂ/\ Q“oWQ
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1 .
CKM’. heca,ll :} UU‘M(,UUL and Uj‘ M4 U.l,_ anre ollajana\ Mn V= U&_ UJL

b A o
UU‘_ Mu My UU._ ki d Udl.. My Md Ud,_ A1 &goval
> Columns of U are lnormalizd) eigenvechrs of MM

3 +b;+b: i
MMz MMy =395 9 €747 = ig € it

(7 FD( 'arﬂeysl' Pig-é'vwalde [WI;_ 'Y, M}(\ Ciﬁev\vedof e

[(‘37,‘ e™) (9, e “(ﬁ.,c\ (Zhu &) 9ne”

12,

Novmalize ! nom :Eleuéb‘.l |9“| = U“. 9'4 C

~3

Au
[used frardow Fo choose orennll phase)

i -,

éru secownd |ug¢‘s{' , 3 L Lz N
oS Gn Qi ” 31.\ N i~ U - U
- . = € 1 2|
)(ur A2L UA'L 3“ 91 -G 9 ) A da !

EXPIN'SC + Use P"“"Wbd'"l'mn Wear\/ (M in Yoir QM courses)
"’D s haw -h/\l..\ : MQQP.M mind Wi s only I'e““"’ﬁ grder W €.
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o L genem| one m & show Uj- = U e\bi'b\i]

W;W U‘.j order )\ C.Om.plz\(.

g CKM LL)UBA_\ = uﬁ E"b;‘h‘jl (Ua‘._): O\-ij C");'bjl

Sﬂ.w\e bi__.{: UL and dL are Wﬁmbefs D" dOJ‘OIet ‘?h.
6w d G wmust C-ovmmul-e wi SUC‘&\wa(l\Y.

}
\/-*.j = LUVL UdL\A.J = % u':ldk‘] el b,i ‘bk\ 6]\,,44_,'
L-uq-u* lesm when lezao0r ]
\/,i‘ = Ny e lbi- s

Nole Haws gived \/;.j = 4] ~ O (et

Al)"'/ some re|ahion (W\-{We.\ Yo mass mbios (s 1w F'is'l'd"\ "

. a"' -aq *b-—h‘
ALV ) . 4 Wa, a‘-'-a‘! -&b-‘h'
. ._._.' -~ 6 s J A J
Wiy, :
Mdl

C. - e. 1 A "'.‘: 'J =L
.50 VA'M (Th\ ‘N (%\ﬂ C}'=“+ a‘:—-ﬁ ! ﬁ.lll’ a \Ali C‘) ¢
Wy 4 J b-‘bj) ' 3 swmB, = [
/] =) U, ol
m




Model?
Ug W, Y, Y5 aL

S>> 7
|

! | " |
g ¢ ¢ B
L}’I G e Vec’cor- \||<e . l'\ave Masses ;tm :71(171 (j ¢- Mz\%

FO, \A{ge M Wi Q]V&S ;}_e”,m{em‘{.'-“ S (’%})/’%1) {%IJHQ‘-UR

(hmes some L) conpling ¢),

Sa we alye IfUJ._J B
- 5 . Yy . @ Ug
- ,;lqi:wf f-tc‘fujz / y JL -
Tlese c+b Ctb-| -tta-l

IV\ M, exawle (+b-2 = ¢c-a+l S b+a:2
C\ew'y Cady ‘l‘ﬂ uv\.s{-yu(,f wu,.l.;.ls, Use ﬁ-uﬂ(am

in chp }ur ouwwu‘.y cancel alrom.
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Fermi Theory > % &

‘ ] v v M2 . s 7,
(_ 192 ,;dd’}/'uPLu) (_Z-gu e W) (_@Vusa”}/VPLS> - 25\9422 " Vs Gy Pr s dry, Pru
%14

AS=1 92

So you can use this Heg ™ = 5 ViaVus UL Y"sL dryuur
\ \QMW
- op (LH[n) (n[#H]2)
1n My = M§ 1|H|2 PP e
12 12—|—<|7-[|>-|-En M_E. +
The intermediate states are pions, rho-mesons, ... “long-distance contributions”

Graphs with # replaced by ¢, ...
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(i) It seems difficult to evaluate Z PP--.
(i) We have used a very effective approximation mg < My, why not mx < m; or even mk < me?

? g X “short distance contributions”
—

Sweet: use 1st order ~ Mo = (1|H|2) + - --

short distance: difficult long distance: way more difficult

Im(M;2) is CPV = non-zero requires ¢, ¢ quarks = short distance = doable

Do this, leave Re for lattice; see, e.g., 1212.5931. Use, for numerics, Re(Mi3) = %AM from data

s yut 4

Tl =T, [= Tl S NI T, S ) kel dyts dy s B
LMM(‘L - IW\( W\ 1“" %‘%’/iz @],JL 45 V?{j’jt )d 4 j(ﬂ’lu ij L L Ll
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syt 4

1l L * * m ' ol Ay T D
lm My = Im(am\ ~ _@ﬁ? \[@A\st ; vg'd\[ds J[ ( /—ij/ r%/j <kl AN"s, al, SL\K%

§
A Vat 7 Ut v,

e f(x,)): can compute, Feynman diagrams
e double GIM!

e non-zero Im-part form CKM’s only
Exercise: show the matrix element is real (use CP of strong interactions)

e std parametrization: V,; and V,, real need at least one ¢ or t-quark

e EFT not valid with 1 or 2 #-quarks, but these very suppressed (EFT explanation is cleanest, but
for now think GIM again)

o Left with ¢ contributions. But

Z quvq*s =0 and ImVudVJS =0 IchdVCZ = —IthdV;; — Az)\577
e Last we need M.E. We parametrize our ignorance using the “vacuum insertion approximation:

07 J 0\ _ 2 2 2
(K |dey"sp dpyus|K7) = 5 fgmix Br
where Bx = 1 in vacuum insertion approx.
Exercise: Use

(K°|dy"sp diyusp]K) = (K°|dry"sp]0)(0ldryusp | K°) + (K°|diy" s15]0)(0ld vus10  K7)

and ~ o )
OldLyusL|K™) = 5pufK

to show Bg = 1 in vacuum insertion approx. Note: here we are using the relativistic normalization of states
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Ready to put it all together?

B e B SO
ImM12 = —2142)\577 %BK GFmeK [AQ)\5(1 _ p)f(mt) o Af(mc) + )\f(m07mt)] —

4:7T2 QmK
o 2
where, usin P =
75 31 390% In x4
CH — JL¢ In — — - c 1
f(me,my) = ¢ |In v A(1—x;)  4(1— ;)2 used 2. <K
4 — 1122 + 3 323 Inx

fFlm) = :

41— x)2 2(1 — 2)3
Finally
e = em/zlce A2)\577 [A2A5(1 — ) f(my) — X f(me) — f(mc,mt))}

C. ~ 3 x 10*B
64/ 212 Am g "
Instead of detailed numerics, let’s check order of magnitude: A*\° ~ (0.2)°> ~ 3 x 10~*
AN (1 — p)f(my) ~ (0.2)°> ~3 x 10_* = e~3x1073

1.5
Af(me) ~ Xf(me,my) ~ (0.2) (%> ~ x10~* = e~ x107°

All give contributions of the right order of magnitude!
This is a great success of the SM!!! (how many exclamations marks do we need?)
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€><Q/C-\SQ'U)PHL¢VW{ Yoy Cawy C@W\WULQ ﬂ.(/uhz_ lﬂy Caw\pul)’v\j F’e\/w\mom c/{,iajmm A

Usig A = z/—‘p«)ér,)/’kf(“)(’id)(?o*), v ok Tqme 200 Eshmcte DM Cowpae  will expimmkl veby

U/‘\WLMJ[ 11[ Vi ijwﬁ..e c./é qm/b ? (So Wb C)//"L\W) I)lnm{ qufm'lf. H’np )“"je Av-s w, er s \’e —J—D ac¢ oot 4_7,
ﬂ/\/\7 _Tl/lis 1 b W, was Pt\eotfd-ed and  GIM  discovared
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Before we move in, there is a sticky point...

We have replaced ? f —> X and expanded in powers of 1/My

while pretending we have kept strong interactions exact. But these are QCD, we know. And what about

a7 =

w

"ib] vz ¥ ke
Graphs with gluons connecting external legs accounted for:

N
77T 1

o2 % - @(

EFT organizes the computation, factorizing

long distance contributions short distance contributions
(that go into M.E.) (computable)
g p

and allows RGE to resum logs, eg, ~ Y (2=1n %)” , systematically;

T

ex = ™ AC AN [ A2N5(1 — p) f(m) — A(m f(me) — naf(me, my))]

M.2s ~ 0.7,0.6,0.4
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