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FCNC,CP AF =2

More stuff
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m Before I came here I was confused about this subject.
Having listened to your lecture I am still confused.
But on a higher level.
E. Fermi




CP — Generalities




CP Violation in Neutral Meson Mixing

m Decays AF = AQ
M° — X0t M° - X0t
MO - X0~ M° — X0~
A
Af — gif give OXZi = :l:l, SX[:E = RXZ:E =0
pAy

m Decays < Transition Probabilities
_ 2 —
(X |TIMO(t)] ~ [(M°|T|MO(t))
— 2 —
(XEHTIMO ()] ~ [(MO|T|M (1))

| 2

2

2y [ MO, flcosh (ALt) + €. [MO, ] cos (AMt)
(AT @)= e {Jn;h[MO,f] sinh((arz)Jm%[MO,f] sin(AMt)}

- 2 _py [ MO, flcosh (ALt) + €.[MO, f] cos (AMt)
‘<f|T|M0(t)>| =e {Jn;h[MO,f} sinh((%rz) + .7 [M°, f]sin (AMt)}
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CP Violation in Neutral Meson Mixing

m We have
0 o( En[M°, flcosh (&Lt) + .[M°, f]cos (AM?)
[(M°|T|M°(t {+yh[M0 sinh %t)JrJ’[M f]sm(AMt)}
o o %h M f] cosh ALy + 6. MO cos (AMt)
|<M [ T|M°(t {+,7h[MO sinh ?%35)+Y[M f}sm(AMt)}
with (6 = 0)
Gu[M°, f] = 1Ef(lﬁ{Q} G[M°, f] = %{ch}
A S = gl o 2} AN, g = g 255
0 _I'y(1+49) —0 _ Ty +9)
GV, ] = 5 f oy 12 G MO, f] = {7{ 2Cr}

yh[MO,f]:M{QRf} SN, f] = F(f(li”{zsf}

2(1
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CP Violation in Neutral Meson Mixing

m We have

0 0 2 Cn[M”, f] h
[(MO|T|M° ()|~ e {+}h[M fTanh((Tr)er[M f]sin (AMt)

_ 70 Ai 0
(MO (1))~ €T {ﬁ%of }]C;th((%l Wors

with (6 = 0)

(1 —6)
(1+496)
S [M°, M°] =0

G M°, M°) =

) + MO, f
t

G.[MO, N1°] = _F((ll—;(;;)

S [M°, M°] =0

T'(1+96)

C. M, M°) = — 1-9

S [M°, M°] =0

cos (AMt)

] cos (AMt)
) +,5’ [M f] sin (AMt)

|
|
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CP Violation in Neutral Meson Mixing

m We have with (6 =0)

t =)
(AT |20 (1)) [~ 7T {eosh (471) — cos (AM1)} 21 +5;
[(MOTINE ()|~ e T {cosh (571) — cos (AM1)} 8+g;
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CP Violation in Neutral Meson Mixing

m We have with (6 =0)
m CP Violating asymmetry

(M| T MO (1) |* — [(MOT | MO (1)) | ~
—40

AT
—Tt _
T 52¢ r {cosh( 5 t) cos (AMt)]
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CP Violation in Neutral Meson Mixing

m Hwith6 =0
I
H= (un
p 2
Hip _ g2
-
2 i |2
‘g B |M12 §F12|
p |Miz — %1_‘12|2
I'2
T
]w() M()
\/

& 6=

_ Im(MuF’{Q)
[Mi2|2 + i\r12|2



CP Generalities

Direct CP Violation

m CP transformation
CP|f) =e"I|f)  CP[f)=e"|f)
m Invariance under CP of transition operator 7

CPTCP=T

m CP invariance of f — g transition
(9IT1f) = @) (gIT|f)
m Simplest CP asymmetry
Ace(f = 9) =19ITIHI =G TIF)I?

Acp(f — g) # 0 in decays of CP conjugate channels:
direct CP Violation
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Direct CP Violation

m In general
YITIf) = A (gT|f) = Ae e
d: strong phase, ¢: weak phase
Acp(f — g) = A? — A2 A+# A = CP Violation

but in SM, from .Zoc, expect A = A at tree level
m Consider two amplitudes
<g|T|f> =A et(01+¢1) + A, oi(02t¢2)
GIT|f) = Ay €O1791) | A, ei2—¢2)

Acp(f — g) = —4A1 A5 sin(dy — 01) sin(ga — ¢1)
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Indirect CP Violation

m Indirect CP Violation

m Interference CP Violation
m Mixing X Decay

m CP Violating asymmetry
2 [ 2
[(FITIMO@)|” — [(ATIMO (1))
m If No CP Violation

(fITIMO) = '@ (FITIM)  {fIT|M°) = e~ "¥2+ 20 (FIT|M°)

(MOJH|IC) = e=i22 (NI°[H| M)
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Indirect CP Violation

m That is
Ap = ez‘(wsfw)]lf Af — e*i(S"B+‘Pf)Af
P _ —izesd
q p
s Combine i A
qAy pAay
——= === S A Ar=1
pAr  qAy e

CfZ—Cf SfZ—Sf RfZRf

m For a CP eigenstate fop

)\fC'P ==+l

Ciop =0 Sfep =0 Rycp =+1
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Rephasing

m Arbitrary rephasings

= States: |M°) — e™|M?), [M°) — | M°)

m States: |f) — e/ |f) o - .

m CP definition: CP|f) = e*¢f|f), CP|f) = e *?/|f)
m Decay amplitudes

(fITIM®) = A s e™e ™1 Ay _ ] )
(FIT|MO) = Af — e@e—iwr A, |Af|,|Af| are invariant
m Meson Mixing Hy; — €/« Hy,

4, eiw—ad lg/p| is invariant (< §)
p p

m Meson Mixing x Decay amplitudes

q (fITIM®)  q Ay PR
== L — 22 — )\, is invariant
p(ITIMO) ~ pA; 7
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Neutral Meson Mixing (again)

Ap
woo BESE
H= (%, ¢
(sz‘ p )

1 . *
HioHo = |M12|2 — Z|F12\2 —iRe(Mi21'72)

m Hwithd=0

= HipHoy = $(Ap)?

A 2
COR. {(AM)2 “Larez- i(AM)(AF)]
4 4 4
2 * i |2 *
’g _ [Miz — 5T _ Im(MpIfy)
p |M12 — %FIZ‘Z |Mi2]2 + i\r12|2
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By, B, systems

1 " 1 1 .
[Mi2|* — 1|F12\2 —iRe(M2l'i) = 7 (AM)* — Z(AF)2 —i(AM)(AT)

_ Im(MlgI‘{Q)
[Mi2]% 4+ i|r12|2

m If |F12| < |M12|

4Mpo)? = (AM)? — Z(AT)2, 0= (AM)(AT), 6=0

1
4

m No CP Violation in mixing: § =0 < =1

m AT =0 and 2|]Mys| = AM

q
P

*

4 _ iargiy) _ Mz _ p

p M| ¢




CP Generalities

Kaons

1 ) . 1 1 )
[My2|* — Z|1“12\2 —iRe(Mi2I'}5) = 1 (AM)? — Z(AP)2 — i(AM)(AT)

_ Im(MlgI‘Tg)
[Mi2]2 + i|1ﬂ12|2

m Relevant fact 1:
|AT| ~ 2|AM| = 2|Mjs| =~ |T12]

m Relevant fact 2:

Re(M2I'fy) ~ [My2I'2| = (AM)(AT)

1
2

= Re(Mol%,) ~ ~(AM)?  2[Mip| ~ AM
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Kaons

2|M12‘ ~ ‘F12| ~ AM

m CP Violation in mixing

II’H(M12F>{2) _ Im(MlZG*iarg(Flz))

M2+ ITe2 AM

6:

m In kaons, since Kg ~ K, and Kj ~ K_,
the “traditional” notation is not ¢ and p:

9 _l-ex _ 2Re(ex)

= = §=
p  l+ex 1+ |ex|?
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e g’ Vi Vi

7% 1672
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FCNC b — s~

1
2 * —
eg” Vi Vi @FWSL br




FCNC b — s~

* 1 = v
eg® Vi Vi @Fwsm# br




FCNC b — s~

* ]‘ - v
g ViV @FMVSLO—H br




FCNC b — s~

e g Vi Vi F, 500" brmy,

1
1% 1672




FCNC b — s~

eg’ Vi Vi Fl 800" br my f(mi  Miy)

1
7% 1672




FCNC b — s~

* 1 = v T —
eg’ VieVjs @FWSLU“ brmy I (z;) My




b s b s
Y Y
Z eqg 2 m2,
Vi Vi I(m»)meV§La””bR, ;= —2
1671'2M2 7 J " J M‘%V

Jj=u,c,t




Glashow-Iliopoulos-Maiani (in AF = 1)

= Loop function I(x;) in
3 ~
> Vi)
j=1
m CKM unitarity
3 3 )
D_VieVii=0 3 VVid(0) =0
j=1 j=1
m Then
3 ) 3
D ViVid(zy) =Y Vi Vil (a))
j=1 j=1

with . .
I(e) = 1)~ 1(0), 1 I(z) =0

m In b — sv, t contribution dominant




FCNC and CP in AF =2




FCNC,CP AF =2

GIM (in AF = 2)

m Loop function S’(acj, Zr)

Z iaVis VkaVk*gS($j7$k) sym. ] Sk
7,k=1

m CKM unitarity twice

3
ZVkan {Z jaViaS (0, xk)] =0 {Z ja Jﬂ:|

3

> Vkav,jﬁ} $(0,0) =0

k=1
m Then
3
> ViaVisViaVisS (), ) Z VisViaVisS (5, xr)
j k=1 j,k=1

S(xj,xr) = S(;Ej,xk)

m Largest function: S(zy,xt) > S(z;, x1t)




FCNC,CP AF =2

GIM (in AF = 2)

m Loop function S’(acj, Zr)

3
Z ViaVigVia ViaS (w5, zk) sym. j Sk
jk=1

m CKM unitarity twice

3 3 3
> Via Vi {Z Via V5800, l’k)} =0 {Z Vjavj*ﬂ:|
k=1 j=1 j=1

m Then

3

> Vkav,jﬁ} $(0,0) =0
k=1

3 3
> ViVisViaVisS (@i ae) = > ViaViaViaVigS (@, o)
J,k=1 j,k=1

S(wj k) = S(wj, 2x) =8 (w;,0)=5(0,24)+8(0,0),  lim S(w,y) =0

T,y—

m Largest function: S(zy,xt) > S(z;, x1t)




FCNC,CP AF =2

€x, 0 in kaons

m For Mis
Vie Vi

s
uj

CVea Vi S Va Vi

ujs ujs

3
Mz oc YV, ViaVi Via Lz, x1)
k=1




FCNC,CP AF =2

€x, 0 in kaons

m For F12

Do =21 (Mo — Ep) (i Hy|n) (n[Hu|j)
m 7 decays

— Tz o (Vi Vila)®

Im(M1267i arg(F12))

m Back to § = — YT

3 * 2
ViV,
SocTm| ) X/jslfj’;vksvk*dL(zj,xk)( V)

j k=1 | us ud|2




FCNC,CP AF =2

€x, 0 in kaons

m Loop function
L(z,) ~14x107°  L(z.)~74x107°  L(x:)~24
L(Zy, ) ~4.2x107°%  L(zy,2:) ~3.0x107°  L(ze,2) ~80x107*

m CKM'’s with Wolfenstein parameters

D= A1-032) ViV = —ARN (L pt i)

csVed —

m Imaginary part

Im (Mlge_iarg(rlz)) x AZX\S [2L(mc, xy) + AN L(x,)(1 — p)]
~ 1[0.15 + 3.6(1 — p)]




FCNC,CP AF =2

€x, 0 in kaons

Contours 2L(x., z¢) + A?X* L(z;)(1 — p) = [Const.]




FCNC,CP AF =2

s CP Asymmetry in B — JUKg

m Decays:
1
(J/WKs|T|Bg) = +2]TK<J/\I/KOITIBS>
_ 1 _ _
(I VKS|T|BY) = —5—(1/VE"|T|BY)

m Tree level: b — cés o< V, V5
o K VieVea ,—i2x’
m Kaon mixing: 4K = —esccde
PK Vcsvcd
2
a Miy _ (Vi Via)
P [Mi2] Vi Vial?

m §=0in B}-BY:
m Then:

)\ — =
RS = D A ars ViVl [V VAR VL Va2

S
_ e 208-X) ~ _p—i2B

_ q AJ/‘I’KS _ 7( t}k)vvtd)2 (chbvvc*s)2 (‘/cs 03)261’2)(' _

CJ/\I/KS = 0 SJ/\I/KS = SiHQﬂ RJ/\I/KS = 7(3082[3

our and



FCNC,CP AF =2

m Time dependent rates

(/WK s|T|BY())|”

=e "' j/grs {1 —sin2f sin (AM?)}

(1)U EKs|T|BY(t))|”

= e_FtFJ/\I;KS {1+ sin 23 sin (AM¢t)}
m CP Violating Asymmetry

(1) WK s|T|BY)| — |(J/WKs|T|BY(1))|*
[(J/UKs|T|BY()[ + [(J/Ks|T|BY(t)|”

= —2 sin 2 sin (AM?)

m Experimentally: sin 23 ~ 0.68 + 0.02
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More

More stuff

m Effective approach
m QCD effects, RGE

m New Physics sensitivity of flavour processes
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