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What is flavour?

e In SM: fermionic fields (spin 1/2)

e matter flavours: several copies of the same gauge
representation



What is flavour?

In SM: fermionic fields (spin 1/2)

matter flavours: several copies of the same gauge
representation

unbroken SM gauge group SU(3). x U(1)rm

— up-type quarks: (3)/3: u, ¢, t,
— down-type quarks: (3)_;/3: d, s, b,
— chrged leptons: (1)_1: e, u, 7,

— neutrinos: (1)g : v1, Vo, U3,
>
differ only in mass
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What is flavour?

e Ordinary matter essentially first generation:
e 1w and d quarks bound within protons & neutrons,
e electrons form atoms;

e ‘“electron neutrinos", (admixture of vi23) are

produced in reactions inside stars.

e 2nd and 3rd generation families decay via weak
interactions into first generation particles.

Why there are thee almost identical replicas of quarks and
leptons and which is the origin of their different masses!?
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What is flavour?

Flavour physics
e Within SM: weak and Yukawa interactions.
Flavour parameters

e Within SM: 9 masses of charged fermions
& 4 mixing parameters (3 angles + 1 phase)

Flavour universal (flavour blind)

e  Within SM: QCD & QED

Flavour diagonal

e Within SM: Yukawa interaction
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What is flavour?

e Flavour changing processes
e Flavour changing charged currents:
po —e vy KT = uTy (Su— putv;)
e Within SM: single W exchange at tree-level (A o< G)
e Flavour changing neutral currents:
po = ey Kp—ptp (sd— ptp)

e Within SM: higher orders in weak expansion
(loops) - often highly suppressed
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Why is flavour
interesting?

F(KL — ,u+,u_)
DK™ — p= )

= prediction of charm quark
Amg = myg, — MK, = prediction of charm mass
Ky — 771~ (ek) = prediction of 3rd generation

C'P Violation

e Within SM: single CP violating parameter



Why is flavour
interesting!?

Electroweak (EW) hierarchy problem
e requires NP < 1 TeV

e if generic flavour structure = FCNCs

e flavour probes NP scales <10° TeV

NP flavour puzzle



Why is flavour
interesting!?

e Electroweak (

W) hierarchy problem

e requires NP < 1 TeV

e if generic flavour structure = FCNCs

e flavour probes NP scales <10° TeV

NP flavour puzzle

e SM flavour parameters

e hierarchical: m, << m. << my

e most are small: mgm: << mwz

SM flavour puzzle



Flavour in SM



Flavour in SM
L =7

i) Symmetries & their spontaneous breaking

ii) Representations of fermions & scalars




Flavour in SM
L =7

i) Symmetries & their spontaneous breaking

ii) Representations of fermions & scalars

i) gM. =8U(3). x SU(2)r x U(1)y
GM . — SU(3). x U(1)gm

) QL ( 72)1/67 UR (3 1)2/37

3
D (37 )—1/37 LL (1 2) 1/2
U
1

1
b~ (1,2)1/2, (¢°) = ﬂ~174(}ev,




Flavour in SM

'C ‘Ckmetlc £ EWSB T 'CYukawa

]

e simple and symmetric (g, g’, gs)

e EWSB, 2 params ‘

e SM flavour dynamics, flavour parameters



Interaction basis

Limetic = (Dud) (Do) + > Y @hidpsy)

1,]= 123%0 Ly, ER
1

1

= a a,uu__ a a,pv - 1%

T > GG Y W w BB
a=1,...,8 a=1,2,3

* Dy =0y +igsGL LY +igW,T° +ig'B,Y

Lovwvss = H20To — N9 ¢)?



Interaction basis

e Exercise: compute embedding of U(1)° into U(3)°




Interaction basis

LM =Y QL D, + Y IQL QUL + YILIGEL, + hec.
gg — iO‘QQb,

e in general flavour dependent (unless Yr « [;;) & CPV



Interaction basis

~L%hava = Yy’ QLODR + YT QL0UR + YIL' 9B, + hic.,
¢ = io20,
e in general flavour dependent (unless Yr « [;;) & CPV
— U(1)g is broken by Y, # 0,



Interaction basis

~ Lk = Yy’ QuoDy + Y, QLoUf + YIL'9ER + huc.,
gg — iO‘QQb,
e in general flavour dependent (unless Yr « [;;) & CPV

— U(1)g is broken by Y, # 0,
— U(1l)pgisbrokenby Y, - Y; #0and Y, - Y. # 0,



Interaction basis

~L%kawa = Yy QLoDY, + Y/ QLoUp, + YIL'GER + hc.,
¢ = io20,

e in general flavour dependent (unless Yr « [;;) & CPV

U(1)g is broken by Y, #£ 0,

U(l)pqisbrokenby Y, -Y;#0and Y, - Y, # 0,

SUB)g x SUB)y - U(1)y xU(1), x U(1);is due to Y, ok I,

SUB)g x SUB)p = U(1)g xU(1)s x U(1)p is due to Yk I,

(Yv & Yp together break remaining U(1) factors to U(1)3p)



Interaction basis

~L%kawa = Yy QLoDY, + Y/ QLoUp, + YIL'GER + hc.,
¢ = io20,

e in general flavour dependent (unless Yr « [;;) & CPV

— U(1)g is broken by Y, # 0,

— U(1l)pgisbrokenby Y, - Y; #0and Y, - Y. # 0,

- SUB)g xSUB)y - U(1)y xU(1)e x U(1)¢is due to Y,k I,

- SUB)g xSUB)p - U(1)g xU(1)s x U(1)y is due to Yyok I,
(Yv & Yp together break remaining U(1) factors to U(1)3p)

— finally, SU(3), x SU(3)g = U(1)e xU(1), xU(1), due to Yook 1

Gt (Vs # 0) = U(1)p x U(1)e x U(1), x U(1),

global
20



Interaction basis

o Flavour physics: interactions which break SU (3)2 xSU(3)7
are flavour violating

e Spurion analysis:

Yu~ (3,3, Dsu@y, Ya~ (3,1,3)su@ez, Ye~ (3,3)su(s):-

e parameter counting
e identification of suppression factors

e idea of Minimal Flavour Violation
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Counting SM quark
flavour parameters

e global symmetry group Gy with Niota generators

® Gf — Hf With Ntotal — Nbroken gel’leratOI'S

¢ Nphysical — Ngeneral — Nbroken
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Counting SM quark
flavour parameters

global symmetry group Gy with Niota generators
Gy — Hr with Niotal — Nbroken generators

Nphysical = Ngeneral — Nbroken

Within SM: U(3)ox U3)ux U(3)p — U(1)n

Niotal = SX(3+6Z), Noroken = Niotal —1¢ = 97L177x,
Ngeneral — 2><(9+97J) (YU, YD)
Nphysical — Ngeneral — Nbroken =9 12
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Discrete SM
symmetries

e Any local Lorentz invariant QFT conserves CPT
= CP violation = T violation

e In SM: C & P violation maximally
e (C & P change chirality

e Left- & right-handed fields in different gauge reps.

independent of SM parameters
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Discrete SM
symmetries

e Any local Lorentz invariant QFT conserves CPT
= CP violation = T violation

e In SM: CP violation depends on parameters

79 ' x 7.7 ;g CP 7] ) x 71 '
Y0 ¢, + Yibho it = Yijhd' vt + Yih gab, .

o CP symmetric if Y;; = Y.

e Jarlskog invariant

J = Im[det(YzY], Y, V)] = 0.
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Discrete SM
symmetries

e Any local Lorentz invariant QFT conserves CPT
= CP violation = T violation

e Experimental discovery of CPV in kaon decays

Cronin 98¢ Fitch



Mass basis

V2

e 1mass basis corresponds to diagonal M,

e Re(¢’) = (v+h)/V2, = M,=—=Y,.

e Qr —VoQr, Ur = VuyUr, Dr — VpDg

o Y, = VoYV, Yy— VoYV

U

° ‘/u]\fu‘/Jr — Mgiag — )\u, >\u = dia uy Ye 9

1a (% .
VéZMdVT — Mg 5 = ﬁAda )\d — dlag(ydaysayb) .
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Mass basis

e Vy Vp unphysical

« since [M,, My| # 0, VéLVgT = Vekm # 1
Cabibbo, Kobayashi & Maskawa
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Mass basis

e Vy Vp unphysical

« since [M,, My| # 0, VéLVgT = Vekm # 1
Cabibbo, Kobayashi & Maskawa
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Mass basis

e Vy Vpunphysical

o since [M,, My # O, Véj’VdJr = Vekm # 1
Cabibbo, Kobayashl & Maskawa

e SM flavour Lagrangian
_I_
Lo = (G2 6i) ¢ - f a, W Vgoudy

h 7, h
+ @b Ny, (”\/5 ) + di N9 (Uﬁ > +he.,

NC = neutral currents (g,yv,2) (ut,dt) = QF
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Mass basis

Exercise: Show that NC’s are diagonal

Exercise:Show that in absence of neutrino masses

there is no mixing in the leptonic sector
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Testing the CKM

e Flavour conversion in SM:
e tully parametrized by 3 CKM angles
e mediated by charged current weak interactions

e these involve left-handed fields only
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CKM Parametrization

Via Vis Vi

Vud Vs Vub
v=| v, V. V, (mass-ordered)
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CKM Parametrization

PDG parametrization

Viua Vus Vb C12C13 $12C13 s13e” "
| ’
V=l Vi Ves Ve = —S19Co3 — C12523513€0  C12C23 — $12523513€" $23C13
. 5
Via Vis Vi S19593 — C12C23513€"0  —893C12 — S12C23513€°  Ca3Ci3
‘Vud| ™~ |VCS| ™~ |V;56| ~ 1
Vius| ~ [Veq| ~ 0.22
Vep| ~ | Vis| ~ 0.04
V| ~ |Via| ~ 0.005

hierarchical
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CKM Parametrization

Wolfenstein parametrization

A= Si9, AN = S93 , A)\S(Q — in) = 5136_i(S :
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CKM Parametrization

Wolfenstein parametrization

1 — 22— 1) A+ O(XT) AN (o — i)
V= —A+35A2N[1—=2(p+in)] 1—352%— A (1+44%) AN+ O\
AN —g—d7)  —AN + 1AM - 2(0+in)] 1 - 142N\
\° \?

0=0o(1=3)+0WNY),  q=n{l-7)+0N).
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Unitarity of CKM

> ViVik =105, > ViiVig = by
k k

e most interesting for =1, =3

VudVep + VeaVay + VidViy = 0,
e all three terms on LHS of same order in A

Vud ij b
VedVy

ViaVy,
VedVy

-1 =0,

p+in]+[(1-p)—in+1=0,
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Unitarity of CKM

A = 0.2253(9)

[Vius|(A) from K — wlv A — 0.822(12)

Vep| (A) from B — X lv
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Unitarity of CKM

Vus|(A) from K — wly
V| (A) from B — X lv

Vu|? o< p* +1° from B — X lv
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A = 0.2253(9)
A = 0.822(12)
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Unitarity of CKM

A = 0.2253(9)
A = 0.822(12)

Vus|(A) from K — wly
V| (A) from B — X lv
Vu|? o< p* +1° from B — X lv
21(1 — p)
(1 =p)? + 77 =

Sq,st — sin 25 =

|
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Unitarity of CKM

A = 0.2253(9)
A = 0.822(12)

Vus|(A) from K — wly
V| (A) from B — X lv

Vu|? o< p* +1° from B — X lv

. 277(1 — p)
S = sin 28 =
Vhs b (1—p)%+n? IS
- 0+ 17
e = _[; 172 (B—D K rates)
p= T+

|

4]



Unitarity of CKM

A = 0.2253(9)
A = 0.822(12)

Vus|(A) from K — wly

V| (A) from B — X lv

Vu|? o< p* +1° from B — X lv
21(1 — p)
1—p)?+ 1 =

S¢KS — Sinzﬁ = (

ei’y: /5+Z77
P2+ i

a=m—0F—"7

(B—D K rates)

(B—qm, o, 00 rates)

|
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Unitarity of CKM

A = 0.2253(9)
A =0.822(12)

Vus|(A) from K — wlv
V| (A) from B — X lv

Vu|? o< p* +1° from B — X lv

- 277(1 — p)

Syke =8in2p = (T |<:

| oy
el = _[; 2172 (B—D K rates)

p= T+
a=1—f—~ (B—qm, o, 00 rates)
Amg Via | 2 N2 | 9
= \°[(1 —

Am. SV (1 =p)" +17]

43
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Unitarity of CKM

A = 0.2253(9)
A =0.822(12)

Vus|(A) from K — wlv
V| (A) from B — X v

Vu|? o< p* +1° from B — X lv

| 21(1 - p)
PoKs ST e

L ptin
e’ = _[; 172 (B—D K rates)

p= M
a=1—f—~ (B—mm, o, 00 rates)
Amyg Via | 2 N2 | 2
— A2[(1 —

|y = -

ek (CPV in K—an)
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Legacy of B-factories

'BABAR

T he BABAR Detector BABAR NM A479, 1 (2002)

1.5 T solenoid ‘ EMC
s 6580 CsI(T1) crystals

e'(3.1GeV)
DIRC (PID)
144 quartz bars —
11000 PMTs

e Drift Chamber

e (9 GeV) T 40 stereo layers

—_—

/ | Silicon Vertex Tracker

J/ 5 layers, double-sided stnps
Instrumented Flux Retum [ ‘

iron /RPCs (muon/ neural hadrons)
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Belle Detector

SC solenoid

1.51 ‘*-\\

CsI(TI) —

16X,

TOF conter——

—
8 GeV ¢

g
_;" \*!g

—

N &
WA
Si vix. det./

3 lyr. DSSD

~

i.\

Aerogel Cherenkov ent.

B\

' 1=1.015~1.030

' ",‘»%Un‘ €

C:eht(al Drift Chamber

= -"‘yﬁ;an cell +He/C,H,

N

/K, detection

~ 14/15 lyr. RPC+Fe



Legacy of B-factories

15
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Amg
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1o - \ &
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p 2014
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Unitarity of CKM

e Very likely, CPV in flavour changing processes is
dominated by CKM phase & Kobayashi-Maskawa,
mechanism of CPV is at work
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Unitarity of CKM

Very likely, CPV in flavour changing processes is
dominated by CKM phase & Kobayashi-Maskawa,
mechanism of CPV is at work

Reparametrisation invariant measure of CPV
Im[%]Vk”;Vkl fj] = Jrkm Z Cikm€jin »
Jng = )\614277 — 0(10_5)

Jarlskog determinant in SM

m; —m2

J = JKMH = (10_22) .

1>
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Continuing the Legacy
of B-factories

FCAL HCAL
SPDPS

M MS
M3

RICH2 M2

.............

|
e e o
o EATEITY -

newbeampoe. SUPErKEKB

4 & bellows

- ,"

=

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping nng "
\

Low emnittance gun

. Positron source
B

New positron target /
caplure section

Low emittance electrons
to inject

49



Continuing the Legacy
of B-factories

ECAL HCAL 4 M4
SPDPS A3

Magnet RICH2 a) M2 d
[s— :

1-51‘IIIII'l:l]f]lllllll»ll-]
ostiuzos aros *as CL> 066 -

: é ] Feim
a : Stge 1 J

1.0 ¥ (@) ]
i Belle Il 50ab-1
i LHCb Upgrad

05| |Vl S ana

Y e R B
t»\ N r |
‘ —— —‘= : . A
E-7Ge 05 Y&y(a)& |V, ' ' ¥V 7 :
1.0 y(a)
Y
-1 5 1 [ L, l 11 l 11
40 05 00 _
e ¥
\4‘:
~7m
Low emittance positrons & P
toinject § ) = Positron source
w ’ : New positron target /
u capture section
Low emittance gun |

Low emittance electrons
to inject



CPV in neutral meson
mixing and decays



CPV in neutral meson
miXxing and decays

e Focus on the neutral B meson system: flavour states

BY ~ bd BY ~ bd.

CP|B%) = ¢e*?|B"),

CP|B%) = e %B|BY) .

e Time evolution

14(0)) = a(0)|B%) + b(0)| B°)
_I_

(1)) = a(t)| B”)
B decay products

52

b(t)|BY) + c1(t)| f1) + c2(t)] f2) + ...



CPV in neutral meson
miXxing and decays

e If only interested a(t), b(?):

(o) =7 (o) - #ovesg

e M & I': time-independent, Hermitian 2 x 2

matrices,

e M-oscillations (dispersive); I"-decays (absorptive)
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CPV in neutral meson
miXxing and decays

e M eigenvectors

Bru) = pr,u|B°) £ qr,u|B°)

pr.al? + lgpa|* =1
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CPV in neutral meson
miXxing and decays

e M eigenvectors

Bru) = pr,u|B°) £ qr,u|B°)

pr.al? + lgpa|* =1

o If CPT: Mi1 = M, I't11 = I'oo,
= PL—=PH=D, 4L — qH = (
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CPV in neutral meson
miXxing and decays

H eigenvectors

Bru) = pr,u|B°) £ qr,u|B°)

pr.al? + lgpa|* =1

If CPT: M1 = Moo, I'11 = I'ao,
= PL—=PH=D, 4L — qH = (

If CP: Arg(Mi2) = Arg(I'12)
= |q¢/p| =1

Exercise: Check!
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CPV in neutral meson
miXxing and decays

e (P conserving oscillation parameters:

My + Mg F_FL+FH
2 ! N 2 ’

AmEMH—ML, /\F:FH—FL,

m =

e (z=Am/T", y= Al'/2T")

e Time evolution:

e att=0:|B%t)) = |BY)
B(t)) = [B%)
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CPV in neutral meson
miXxing and decays

e Time evolution:

B(t)) = g4 (£)|B®) — Lg_(£)|B°),

B2(t)) = g+ ()| B”) — —g-(8)|B),

|
IR

1 (e—mHt—FHt/Q e_mLt_FLt/z)

(F1HIB°)

(fIH|B") = Af.




CPV in neutral meson
miXxing and decays

e Decay to final state after time ¢:

I(|BO 1+ [ X¢el? AT 1 — | X¢|?
dr (| (O)C;t)%!f(t» :Noem|Af|2X{ P ATt 1A

2 2 2

cos Amt

ATt
+Re s sinh —5 T ImA s sin Am t}

cos Amt

dr(|BY ¢ _ 1+ [ X¢el? ATt 1 —|\¢]?
1B°0) 11 >>:Noe_m,Af,2X{ P o, ATE 1=y

Al't
—I—Re)\f sinh —5 Im)\f sin Am t}

o No-flux norm., \f = =—, Af = A_— )\_fa

qu — ]_?A 1
pAy q
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CPV in neutral meson
miXxing and decays

2, |Af|* describe a decay

Terms proportional to|A ¢
without net oscillation.

2

o

A¢|? describe a decays

Terms proportional to |y
following net oscillations.

Terms proportional to sin(Amt), sinh(AI't/2)
describe interterence between the above two cases.

CP violation in interference is possible only if
Im(As) # 0 .
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CPV in neutral meson
miXxing and decays

e (P violation in neutral B meson decays to CP

elgenstates
_ G [B(0) = for(t)] = G [BY(0) = fer(®)
Afop(t) = dl' [ al’

G 1 B°(0) = fep@)] + G [B°(0) — fop(t)

e In the B (& B;) system experimentally AT'<<<Am
= [q/p| = 1:
Ar(t) = Stsin(Amt) — Cycos(Amt),

. ZIm()\f) C _ 1 — )\f2.
_1—|—‘>\f‘27 / 1+ )\f2

61
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Phases in decay
amplitudes

B — f : amplitude Ay
{ CP conjugation §
B — [ : amplitude Ay

complex parameters in L appear complex conjugated
after CP = opposite signs

e CP odd weak phases

on-shell intermediate states (even for real L) = same

signs (CP even) - strong phases
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Phases in decay
amplitudes

Ag
A

[ ) [ ] 7

al 67’(51_¢1) _I_ CLQ 62(52_¢2) _|_ Cee

a1.2,... contributions to amplitude with different
phases

01,2... strong phases

®1,2... weak phases
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CPV in B = WK

Af — CLf Gi(5f+¢f) : )\ ( / ) ( 2¢ )
_ . = ns(q/p) exp(—21
Ar = |ay ez(‘sf_quf)nf7 f=1f /

e In Bysystem |['2|<<|Mia|, due to O(GF*) long
distance effects, suppressed by small CKM elements

1 Tk

2 *
(g) _ 12 7 2712, 2R
p Mo — 5T'2

)\f ~ 1Ny eXp[i(fB—2¢f)]

SfCP =MNf sin(ép — 2¢f)

64



CPV in B = WK;

e In SM:
i %
¢p = —Arg(Mg) ~ —Arg[(V;Via)?] = —Arg | L2
Vi Vi
A(B) x * %
_G—QZgbf — wKS _ ‘/Cb‘/CS ar =+ ... esz ~ ‘/Cb‘/cs Cd‘/CS
AR ViVesar 4.y Vi Vs Vea Vi

K — K oscillations
forming Ky
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CPV in B = WK

e In SM:
) pVid
ch = —Arg(Miz) = —Argl(ViVia)?] = —Are (7r1)
Vi Vig
_6—27j¢f _ YK _ cbVes AT T - 'ez’fK ~ cbVes VedVes
AP T VVear .y ViV VeV
K — K oscillations
forming Ky
VB VipVia VeoVeg _ 28
hs T VR VE ViV CPV in interference
S 1(5()5 ~ sin 25 (note that Cz(ﬁf)s ~ ())

Experimentally measured to an accuracy of ~ 1%
66



CPV in Bs mixing

e Golden channel: Bs — o
e angular analysis required

e B, oscillations much faster than those of By

2
Amg ‘ 12 Vis

Amg  |[MY| | Vid

e AI';effects cannot be neglected
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CPV in Bs mixing

e In SM: )\Efq}f) = — eXP[i(fBS — 2€b¢¢)]

[SW SM rgVCZVcs 0.036(1).
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0.14}

0.06}

CPV in Bs mixing

DO 8 b HFAG B
-
68% CL contours -
| (Alog L =1.15) ]
-| CDF 9.6 fb™ LHCDb '
| ) 3fb~ L
" ATLAS 4.9 fb™"
\ Combined :
SM |

—04  -02 00 02 04
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CPV in Bs mixing

e In SM: )\Efq}f) = — eXP[i(fBS — 2€b¢¢)]

<BS>} oA Vs _ .
[SW o~ 2Any 0.036(1),

+  Experimentally: 5(5*) = 0.02(4)

e Exercise: Show that if B — nn is dominated by a

single (tree) amplitude, then Sz = sin(2a)
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B°(0) —+ £(t)] — @ [B°(0) = f(t)

CP violation in B decays
to CP conjugate states

e If By — f and By — f forbidden:
Ayl = A7 and [Af] = |As] =0

2 2

BO(0) = f(t)] + G [B°(0) — f(2).

R (RT

IR I
(\)
¢
e
=
N\
= |-
o |
N
Q
Y

2
4 |4

71




dl’ T
dt L

CP violation in B decays
to CP conjugate states

e If By — f and By — f forbidden:
Ayl = A7 and [Af] = |As] =0

— f(t)

2

dl’ T
dt L

BY%0) —

f
J? 2

(1) B

R (RT

IR IR

e Time-independent measurement

e (P wolation in mixing, (indirect CP wviolation)

. lor (@ (BO — X{1v) — (BO — X0 D)
o [Xam : —
SRR OSL T DB S Xty) 1 T(BY — X4 7)
e InSM: 0¥ = —8(2) x 10~



CP violation in B decays
to CP conjugate states
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CP violation in charged
B decays

e Interesting example: BT — DK™

B~ - DK~ : b— cus,
B~ - DK™ : b— ¢us.

e Particularly transparent in D decays to CP
elgenstates

D' = fop: ¢ — ddu, ssu,

D' = fop: é— ddu, ssu.
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CP violation in charged
B decays

e In SM:
B % B _
Ag#) _ VaVus0br o -s8,0), VetV Of i5P-5P) e
A( L hK Vi Vesa? Vo Vud afD

o v=Arg(—VudV53/VeaVy) > 70°

e Several decay rates: CPV in decay (direct CPV)
AB™ = fLK™) = A 1+r 0=

AB™ = f_K™) = Ag |1 — rgeil®n- ) ,

ABT — fLK™) = A _1 +rpeistn) :

ABT — f_KT) = A 1 rB 62(5B+7)
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