


CKM entry Value Source
1] Vil 0.97420+0.00021 |  Nuclear £ decay
> 0.9763+0.0016 nos pey,
= 0.9749 +0.0026 > nlev,
L | Vil 0.2231+0.0007 K-> e,
_—— 0.2253+0.0007 K/m— puv, Lattice, V
—— 0.2213+0.0023 7 decays
\'M 0.230+0.011 vd >cX
L 0.216 £0.005 D — (7)lv, Lattice
H A 0.997+0.017 | D—Klv,D,—lv, Lattice
i V| 0.0405+0.0010 B—D'I%,DI7,
T 0.0420 +0.0006 b—clv,
- Vo 0.00367 +0.00015 B—rlv,
- 0.00451+0.00020 b—uly,
-— 0.00398 =+ 0.00040
‘th‘/ /Zq Vo[ | > 0.975 (95%CL) t>bW/t—>qW
iy Ve 1.019 +0.025 pp—>th+X
=

Vaa| + [V +|Vin| = 0.9989 +0.0005 V| + | V| +| V| = 1.040£0.051

Vo' + [Vt +| V" = 1.04220.034 >

J
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2
v, | +

uj

V,

<j

2) = 2.002+0.027 (LEP)
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Hierarchical Structure

1—2%/2 A AV (p-in)]
V » ) =222 AQ + (9(14)
AV (1-p—in) —AA° 1
Axsin@,~0223 ;  A=084 ;  \p*+n’~04
u (o t
v l v
d s b
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QUARK MIXING MATRIX

® Unitary N_x N, Matrix: N? parameters

V . ‘7T — VT . V — 1 %NG (Ng—1) moduli, %NG (N; +1) phases

® 2N,-1 arbitrary phases: u V.d.

ij 7"

> V. > 9%y

i6)
u, > ey 5 do—>e’d : i

J

!

V.,  Physical Parameters:

%NG (N,— 1) moduli ; %(NG - 1) (Ng- 2) phases
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e N.=2: 1 angle, 0 phases (Cabibbo)

v { cos 0. sin 9(:} N No 6/75

—sin 6. cos 6.

e N.=3: 3 angles, 1 phase (CKM) ¢j=cost; ; s;=sing,

Cr C3 S €3 S;3€
V _ _ . 15]3 . 1513
= S1pCy3 —Cp 8385 € CipCrs — 8158385 € 873 €3
i013 i0)3
S1p83 = € C3 83 € —Cp Sy T 86385 € Cy3 €3
B 2 3 - N
1-47/2 A AL (p—in)
2 2 4
~ ) 1—2%2 A2 + 0 (/1 )
3 : 2
AL (I-p—in) —-A4AA 1

Axsin@.~0223 ; A=084 ; Jp*+n* =04 0,70 (n#0) mmp C]g
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PDG parametrization of the CKM matrix

—i013
€12 €3 S12 €13 Si3 €
io io
V = 815 Co3 T Cp 8383 € N CipCp3 = 8128383 € N §23 €13
i0)3 03
i S12823 7 € €383 € TCp Sy T 816385 € Cx3Cp3 |
_ — B —id ] _ —
1 0 0 C\3 0 s e " c, S, 0
= 10 ¢y 8, 0 1 0 S, ¢, 0
o)
_O 8y Cy3 | | =S5 e % 0 Cs | B 0 0 1_
. 2 —io 3 .
Wolfenstein: S, =4 , Sy=AAl , spe P =Al(p—in)
L 1-2%2 A AN (p-in)
S V ~ ) 1—2%2  AX + O (/14)
AL (I-p—in) —AX 1 |
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GIM Mechanism

W d s u,' c,t d

ZViSVZlZO ‘ M =0 if m, =m, =m,

1=1u,c,t

Flo = Ho = M o<V, V,, F(m} [My) +V, V,y F(m]/My)

~ = A F(m /M) = XA (1= p + i) F(m} /M)

4 2 2
= Top contribution dominates. Strong suppression: 17 oc —— |\"A> L ) ¢
MW MW

167

» CP effects fully governed by top contribution [Im(V V.)=—Im(V, V;;)]

cs ' oed
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® C,P: Violated maximally in weak interactions
® CP: Symmetry of nearly all observed phenomena
® Slight (~0.2%) ¢P in K° decays (1964)

® Sizeable CP in B’ decays (2001)

® Huge Matter— Antimatter Asymmetry
in our Universe w=mp  Baryogenesis

CPT Theorem: (,’/ﬁ @ 7

Thus, C;{‘ requires: = Complex Phases

» |nterferences
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Standard Model Cﬂb: 3 fermion families needed

GP 4= H(M) H(M;)-J # 0
H(M?) = (m] —m?) (m>—m) (m} —m])
H(M}) = (m; —m?) (m? —m}) (m; —m})

_ 2 ; _ 216 —4
J =c,c;5Cp 8, 85 5y SINO;,; = ‘A A 77‘ < 10

- Low-Energy Phenomena

« Small Effects ~ J

—> _ |
- Big Asymmetries @) Suppressed Decays

- B Decays are an optimal place for C]I/:' signals
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DIRECT (P T(P>1)| = [T(PoT),

—2T, T, sin(p, —¢,) sin(o, —0o,)
T°+T,°+2T, T, cos(¢, — ) cos(5,—3,)

One needs:
» 2 Interfering Amplitudes
» 2 Different Weak Phases [sin(4,—¢,)#0]
= 2 Different FSI Phases | sin(6,-5,)#0]
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DIRECT (P

Br(B — f)—Br(B— f)
Br(B — f)+Br(B— f)

Aep(B— f) =

A,(BY = 7 K*) = —0.082+0.006  (13.7 o)
AB? > 7 K") = —0.26+0.04 (6.5 )
A, (B">K'K7")=-0.118+0.022 (5.40)

Large & Interesting Signals

Big challenge: Get reliable SM predictions

Severe hadronic uncertainties

Flavour Physics

HFLAV C Sl
November 2016 . K-+
Lge— KTntn~
=t KK K*
—%: Ko7+
e e
Our Avg. E— Ky
K*y
35;—— K"
— Kt~
— Kyt~
4== K"
— =
4= K((1430)°7°

— (s+d)y
7T+7T(J
B K*OW+

= OK*

—p—
—+— K™
—_— k0
K’*UTI'_FTF_
nt

wKt

; s
K*(_]KﬂLK*

= K'rT7"

——
 eom——
——

ptp’

— e Tt "
—_— wr’

-0.4

T T T T T T
0.0

Acp

0.4



INDIRECT (P : K°—K° MIXING

Ll et k) 5 g R
W W uc,ty Au,c,t
T I Q/pE(l_EK)/(l_"EK)

<OAS=2> = & (u)?"” <EO ‘(EL yed, )(EL 7/adL)‘KO>

(K'[H[K") ~ STAN St my (Opgs)
ij

w3 7] By

N=V, Vlz X rl.Emiz/MVZV (i=u,c,t)

= GIM Mechanism: A TA.+A, =0

Flavour Physics

CP:

(MKL _MKS )/MKO — (7OO:|:OOI)1()’]5

Im)\, = —Im\, ~ p\°4°

Hard GIM Breaking: S(7,,7,) ~r == t quark
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INDIRECT (P : K°—K° MIXING

Flavour Physics

u,c,ty AU, C,t
—g—u\fvv'\\lf\f\ﬁ—g— Q/pE(l_EK)/(1+§K)

<OAS=2> = & (u)?"” <EO ‘(EL yed, )(EL 7/adL)‘KO>

(K'[H[K") ~ STAN St my (Opgs)
ij

w3 7] By

N=V, Vlz X rl.Emiz/MVZV (i=u,c,t)

clx) =K . PIK)=-|K%) . P IK) = —[KT)

&)= (K)FIR)) o eP kD) =+ ki)

K2) = |K3) + 5 &)
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INDIRECT (P : K°—K° MIXING

d u,c,t S d W S _

| § | § SR K3u) ~ v |K) F a |K°)

W W u,c,ty AU, C,t

s oot 4 S WS a/p = (1-&)/(1+ &)
K>z l'v, Gou) 5 Koz'lv, (s-ou

K} >z 1'v,))-T(K, >zl 2 _1gP z
( L2 1) =T L2 _‘f) _lpfolalf _2Re(E) g 333.40.006%
T(K}>al'v)+T (K] >7'Tv) |pF+lq] I+ &g |

- Re(g ) = (1.66 £0.03) - 10°

_ T(KL—)7Z'+7Z'_) - _ T(KL—)yz'O;z'O) _

= ~ & = ~
T(Ky—>nn) © oo T(Ks — n'7n°)

-

—(2.228+0.011)-1073 &% )
e N [(1-p)4*+022] 4% By = 0.143
4, = (43.52£0.05) Suras of ol
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B¥S(2GeV)=0.557+0.007

Flavour Physics

Lattice Results for QK

Ne=2+1+1

Nf=2+1

ml W | D%D T @ | EL |
T1 L]
14 [] 1 1

N; =

N

B, =0.7631+0.010

~

FTAG2016 Bk

FLAG average for Ny=2+1+1
i ETM 15

FLAG average for Ny =2 +1

SWME 15A
RBC/UKQCD 14B
SWME 14
SWME 13A
SWME 13
— RBC/UKQCD 12A
— Laiho 11
SWME 11A
H-H BMW 11

{ RBC/UKQCD 10B

E1+—- +

T 1]

i SWME 10
| Aubin 09
RBC/UKQCD 07A, 08

FLAG average for Ny=2

ETM 12D
‘ ETM 10A
H : JLQCD 08
RBC 04

——

065 0.70 0.75 080 085

Flavianet Lattice Averaging Group

(N, =2+1)
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DIRECT P in K> T

T(K, >7n'n") _ g

= T(Kg>7n'n) koK
2

Re(ey /ey ) = 1 | — [0

K' ¢k 6 7.

T(K, > n°'n’)

= N E,—-2¢&

"Too T(KS—)7Z'O7Z'O) K=~k
6814110 NA48, NA31
= (16.8+1.4)- KTeV, E731

]

Re(ex /&x)

Th

= (19%')-107*

= Short-distance OPE

Ciuchini et al, Buras et al

= Long-distance yPT

Pallante-Pich-Scimemi
Cirigliano-Ecker-Neufeld-Pich

Flavour Physics

(15+7)x10™

2017 update Gisbert-Pich, 1712.06147
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