Flavour Physics & (P

1. Quark Mixing
2. P%-P? Mixing and CP Violation

3. Searching for New Physics
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QUARK MIXING MATRIX

® Unitary N, xN_, Matrix: NZ parameters
V . ‘7Jr — ‘77L . V — 1 %NG (Ng—1) moduli, %NG (N; +1) phases
® 2N,—-1 arbitrary phases: u V,d,

73 0. (0-—o.
u — ehu d —e'd wmmp V. ¢y

1 1 1j 1j

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

v { cos 6. sin@c} — No C/S

—sin 6. cos 0.

e N.=3: 3 angles, 1 phase (CKM) ¢j=cosd; ; s;=sin9

J

Cr C3 NPESE S;;€
— S1pCy3 T Cp 8383 € CipCr3 — 858383 € S3Cp3
S1p 833 = € G383 € —Cp Sy T 81,6385 € Cr3 Ci3
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1-41°/2 A AL (p—in)
2 2 4
~ ) 1—-2%/2 AA G, (ﬂ, )
3 : 2
AL (I1-p—in) —-AA 1

Arxsin@. 0223 ; A~082 ; Jp*+n* =04 0,70 (n#0) mmp C]S
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PDG parametrization of the CKM matrix

Wolfenstein:

—
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GIM Mechanism

W d s u,' c,t d

F(z) = F(z) - F(0) M x V.V, F(m? /M%) +V, V. F(m?/M?2)

~ = A F(ml M) = NA*(1—p +in) F(m] | My)

2
m

C

= Charm contribution dominates. Strong suppression: .17 oc A 13 8
-

= CP effects governed by top contribution {Im(V V) =—1Im(V, Vf,d)}

cs U ed
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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 C/D: 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; ¢ 8, 858, SN0, = ‘A A 77‘ < 10

- Low-Energy Phenomena

« Small Effects ~ J

—> _ |
- Big Asymmetries @) Suppressed Decays

- B Decays are an optimal place for (7f7 signals
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DIRECT (P T(P>f)| # |[T(P>T)]

-2 T, T, sin(¢, —¢,) sin(0, —0,)
T°+T,°+2T, T, cos(¢, —#,) cos(S,—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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INDIRECT (P: K°— K° MIXING

. § uot § 3 AT K2,) ~ p|K%) ¥ ¢ |R)
W W u,c,ty Au,c,t
B I q/p = (I_EK)/(“'EK)

<IZO|H|K0> ~ Z/\l‘/\j S(r,1;) 1 <0AS:2>
ij

<OAS=2> = as(ﬂ)_2/9 <IZO‘(§L yadL)(EL yadL)‘KO> (ngz( fl?j BK

/\iEV;d Vl* rl.Eml.z/Mpzy (i=u,c,t)

Ky 9

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

(M, —M, ) /MKO = (7.00£0.0)x10"°
« CP: Im)A = —Im), ~ pA’A°
= Hard GIM Breaking: S(7,,7,) ~r == t quark
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INDIRECT (P: K°— K° MIXING

. § uot § 3 AT K2,) ~ p|K%) ¥ ¢ |R)
W W u,c,ty Au,c,t
B I q/p = (I_EK)/(“'EK)

<IZO|H|K0> ~ Z/\l‘/\j S(r,1;) 1 <0AS:2>
ij

<OAS=2> = as(ﬂ)_2/9 <IZO‘(§L yadL)(EL yadL)‘KO> (ngz( fl?j BK

/\iEV;d Vl* rl.Eml.z/Mpzy (i=u,c,t)

Ky 9

Clk") =]k . PIK)=—]K") . cP|K’)=—[K)
KP>) = % (&)= [R)) . P [KD) ==+ &)
\K§> ~ ‘KP>+EK‘K§> , ‘K2> ~ ‘K§>+EK‘K1°>
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INDIRECT (P: K°— K° MIXING

d u,c,t s d w S —

> § > § > —— NN ‘K§9L> ~ p ‘KO> =l ‘K0>

W W u,c,ty Au,c,t

L SR N A3
K0—>7z_l+vl (s >u) ; IZO—HHZ_VZ (s > u)

DK} > l'v)-T(K; > 7' 17)  |pP-|qf _ 2Re(5)
D(K) > x ')+ (K} > ') [pF+lqf  1+]&[

= (0.332+0.006)%

- Re(g,) = (1.66 £0.03) - 10°

_TK, »>rn'n) _
CT(Ky—>7x'n)

T(K, > n'n°)
00y ~ %k
T(K¢—>nmr')

77—}—— EK ]700 =

—(2.22840.011)-107 ¢'% )
o : T mm g (1-p) 42+0.22 | 4* By =0.143
¢g = (4352 + 005)0 Buras et al
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Lattice Results for QK

BY¥S(2GeV) = 0.557+0.007

Flavour Physics & CP

Ne=2+1+1

Nf=2+1

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

N; =

FLAG2016

9

Za

- =0.

o>
Vo

763+£0.010

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

E1+—- +

Tail

FLAG average for Ny =2 +1

SWME 15A
RBC/UKQCD 14B
SWME 14

SWME 13A
SWME 13
RBC/UKQCD 12A
Laiho 11

SWME 11A
BMW 11
RBC/UKQCD 10B
SWME 10

Aubin 09
RBC/UKQCD 07A, 08

——

g
LT

FLAG average for Ny=2

ETM 12D
ETM 10A
JLQCD 08
RBC 04

0.65 0.70

0.75

0.80 0.85

Flavianet Lattice Averaging Group
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DIRECT (P in Ko nm

_ T, ->r'r) . 220 U
T A S TRy T
1 ’ NA48, NA31
Re (e ~— 41— [Tl L= (16.8+1.4)-10 |
e(ek/ex) 6 n (168 )10 KTeV, E731
+_

= Short-distance OPE

Ciuchini et al, Buras et al

G \WY%
d u q_7"T\_1 = Long-distance yPT
Pallante-Pich-Scimemi
Re(gk /gK )Th — (19 J_r191) . 10_4 Cirigliano-Ecker-Neufeld-Pich
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B — B MIXING

q u,c,t b q w b * 3
VIV Via Vie ™~ Vea Vcb Via th ~ A\
w W u,cty AU, C,t 4
0 0 2 p2 D
< — < —<—U VvV <B ‘H‘B>N‘Vd‘ S( [3MBfB] By
b u,c,t q b w q

M, =(05064£0.0019)ps”  wemp [V,

" AM,, [T, = 0.770+0.004 AM, [T,0 = 26.72£0.09

= AM, =(17.757£0.021) ps™ v, | >>\ \

® AT, JAM, ~m/m’ <1 AT, / T 0 ==0.120£0.009

® Re(, |=-0.0010+0.0008 Re(Z, )= ~0.0003+0.0014
d s

2 2
—1 ~m./m,

C%D very small
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PO _ ﬁo MIXING Phase convention: CP ‘P0> — _‘FO>

— d
(1)) = a(t) |P°) + b(1) | P") iE\zp(z»:Mw(t))
M M, (T T, * *
CPT: M= . - CP: M,=M, , 1I,=1,
M, M 2\, T
+ Dispersive: 1.~ )+ rrf 5 a0, (P, )l )
= Absorptive: Do=- [ ds 30 d0, &s— M) (P'|H | X) (X |y, |P')
; 1/2
P’) + ¢ | P’ -7 | Muo—3T
» Eigenvalues: |P) = 7| >2 : ‘2 ) : CARE ol % -
Pl +1g p l+¢ M, T,

P —lgf  2Re(?)
<P— |P+> = 2 2 - 1 —2
I +q| + €]

CP wp q/p=1 wmp [R.)=—(|P")%[F") . CP|R:)=x[R))
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q u,c, t q W b
> > > —S>— NN
W W u,cty AU C,t
< < < —— NN NN
b u,c,t q b W 9
50) = —— (»|8") 4 |5") ) ’

pl+1qf

(AM)* = (AT = 4[M, [ —[r.f

M M, ; (T T
M=| - =1
M, M - r, T
: 1/2
M, —T;

_ = 12 12
l-¢,

1+%, |y _ir

12 12
2

4
p

AM AT =4Re(M,T")

LT, .
AT/AM ~T, /M, ~m; /m’ <1 ‘ % ~ H_E‘ 121 sin ¢, ,_, . Prp, = arg(M,/T,)
12
AMEMB+—MB_ , AFEFB+—FB_

' t

0 g(1) igz(t) 0 Ccos [AM—LAF]—]

|B'(0) _ p ) [gl(l) _ oiMi o Tt/2 2 )2
‘B (t)> ggz(t) g,(t) ‘B > &) —i sin [AM—%AF] é]

Flavour Physics & CP
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Widths & Mass Differences

)

-0.02 -0.015 -0.01-0.005 0 0.005 0.01 0.015 0.02

ps

M. Gersabeck
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10 8 -6 -4 -2 0 2 4 6 8 10
ps1
BS,L BS,H
-15 -10 -5 0 5 10 15
ps™
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Time Scales: Oscillation ~ sin[(x—iy)l“t/ﬂ

e'e = B)B) > ({vX)({vY)

0.8
. T
AM AT 0.6l AVARES A A +
X =— , y=— I
r 2T | +
0.4F + + +
BELtE
03 500 1000 1500
1AZ| (um)
= KO: x~y~1
= DO: x~y~0.01 Slow oscillation (decays faster)

= By: x~1, y~0.01

< X~25, y~0.05 Fastoscillation (averages outto 0)
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Time Scales:

Oscillation ~ sin[(x — iy) Ft/2:|

x=AM/T ,  y=AT/2I
D" B;
o} "\ Prob{D°l(t y Prob[B:](t)

04t
almost zero?

02}

05 1 15 2 25 3
Proper Lifetimes

————
05 1 1.5 2 25 3

0.3
0.2
0.1

0.5 1 15 2 25 3

ﬁroper Lifetimes

Proper Lifetimes

from Van Kooten

= KO: x~y~1
= DO: x~y~0.01

= By: x~1, y~0.01

= B.:

Flavour Physics & CP

x~25 , y~0.05

Slow oscillation (decays faster)

Fast oscillation (averages out to 0)

A. Pich — CLASHEP 2017 50



B°— B° MIXING AND DIRECT (f

B T, =T[B" > f] ; T,=-T[B*>f] ; p, =T,
T

O o
\ / T-=T[B" >f] ; T,=-T[B">f] ; p-=T;
EO

cPB'=-B° ; CPf=f

T[B(1) — f] ~ %e“ (|Tf 2 +|T, |2) {1+ C; cos(AM 1) — S, sin(AM 1)}
_ — 1 o (= .
T[B°(r) — ] ~ e (|T? P 4|T, |2) {1 — C. cos(AM 1)+ S sm(AMt)}
2Im| L5 —2Im| £ j
_-p P S. = m[ppfj . CE_I—IPfI2 . g = (qpf
sl P T 1+ f R A S T
M, V,V N B
Al < AM  mmp O e R ¢M'~{ﬂ ) (‘f))
)2 M, th th _ﬂsz_ﬂ’7 (Bs)
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B°— B° MIXING AND DIRECT (f

B T, >T[B* >f] ; T,>-T[B*>f] ; p,=T,/T,
\ / T. >T[B’ >f] ; T.>-T[B">f] ; p:=T./T;
DO
cP B’ =-B" ; CPf=f
0 1 —Ft .
B () — 1] ~ e (ITeF+1T: F) {14 Cp cos(AM 1) — S, sin(AM 1)}
_ _ | .
T[B°(r) — ] ~ e (|T? P 4|T, |2) {1—cf cos(AM 1) + S sm(AMt)}
21m| L 5 —2Im| 2 j
=ﬂ : S. = m(ppfj , C=_1—|Pf|2 . _ m(‘]pf
P T 1+ f T IR T T 1 f
T =1 Ty T—=77fo ’ p‘El/IEf
CP self-conjugate: f=pn,f mmp ' ; b . _Sf
f  f > f ~f
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B?— B? MIXING AND DIRECT 6%7

B | CP self-conjugate: f=7;f
\ / . ViVe e s (5)
=0 — ~ = — € ’ ¢M ~ N—ﬂiz 0
B p VY th P B n (Bs)
b g Assumption: Only 1 decay amplitude
/ * = _*, —n 2igp
q AE—)c_]qc_]’ qu qu’ C = 0

— - = —1; sin(29) sin(AMt) 5  P=¢,+9,
— f )

Direct information on the CKM matrix
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B) > JYK,

o=0

Vi Vg ~ AN (1=p+in)

*%k%k *% BAD
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I'(B' > JwK)-T'(B’ > JwK,)

I'(B' > JwK)+T(B" > JwK,)

8 400}
n N
o 350g
P 300}
c 250}
g z
& 200}

150}

Asymmetry
© o o
N B o o

o

© & o6
o DN

BELLE 2012

6 4 20 2 4 6

At (ps)

Flavour Physics & CP

Events / 0.5 ps

Asymmetry

—n, sin(2f) sin(AM 1)
HFAG:

sin(2B) = 0. 69 + 0.02

B’ - JyKs, . w@2S)Ks, x.Ks .1, Ks

BE¢1 &

=
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sin(2B°™) = sin(2¢:) XY

%

New Physics in
Penguin diagram

" Avérage

Ks K Ks Average

XK Avérage |

Avérage
Avérage

bsccs Warld Average  § o

wK®  Avérage i i

! 0.69+0.02
0.63 £ 0.06

§0.72£0.19

0.54 028

L 0.71+0.21

MG 06973

4 0.48 + 0.53

P2
L=<
..;.(D..
o
Lo
rQ
'@

*

K'KK® Average = |

{0.20+0.53

-0.72£0.71

+0.03
0.97 T9'55

: 0.01+£0.33

0.8

g=d,s

0.6
ARNIEY’D S
th " ts 02

Sensitive to

-0.8

f |Summer 2016

L, : +0.09

0.68 [qig

T T T T T T
oK’ Average © 0.01+0.14

0K Avérage : .0.05 + 0.04
Ks Ks Kg Average

° K°

:.0.24+0.14

Avérage ! 0.01£0.10

p°Ks  Avérage  -0.06 £0.20

0K Avérage L-0.04+0.14
f,Ks  Avérage P 0444012
f,Ks  Avérage © 0285

fkKs  Average 013755

2’1’ Kg Average ——k ! 0.23+054

¢n’Kg Average {020 +0.15

=" 1 Kg NRvérage i 0.01£0.26

1

K* K KO Avérage : ! 0.06+0.08
1 1 1 1 1 1 1 1 1 1 1 1

-1.6 -1.4 12 -1

Flavour Physics & CP

-08 -06 -04 02 0 02 04 06

08 1 12 1.4 186

I
16 14 12 1 -08 -06 -04 02 0 02 04 06 08 1 12 14 16

sin(2p™) = sin(205™) vs Cep = -AC,,%
Cep=-Acp

= K

L K K K¢ -
ﬂ:uKH 0_o
P K — n K
o K¢ f, K

S
e

\ 1 1 i 1 IS L
04 02 0 02 04 0.

0.8
sin(2p*") = sin(2¢S™)

Contours give -2A(In L) = Af =1, corresponding to 39.3% CL for 2 dof

Agreement with

B’ - JW K, (b— ccs)

No signal of

direct Cﬂ?
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H0 ra 0
BO —> TITT F(li)—)f)—F(BO—ﬂ) = —C, cos(AM 1)+ S, si(AM 1)
r(B —>f)+r(B —>f) ~ ‘
+ -

vV . T T Scp VS Cep E

td " th cp :
BaBar - _
Belle C =l =0
LHCb | =0 145,

Averagé

!

Direct C]S

Penguins

-0.8 -0.6

) ) | 0.4 0.2 0
Vi Vig ~ AN (1=p+in) Sce

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

mm) S~ -—sin2a) ?
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B0 —> TITT , pp ; pﬂ; Cor o Scp V8 Cep M ., pp Scp VS Cep %

T T T
e - BaBar - ; BaBar

.| Belle 04 | [ Belle |

LHCb - Average

_|/Of’

L g 555} Averagi
“Cart T @ 1o |

04t - { S5 O —— -

0.6 - - e
Direct C]S -
-08 - . E
1 1 I I i I 1 i I 1
-0.8 -0.6 -0.4 -0.2 0 -0.4 -0.2 0 0.2 0.4
P - Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof SCP Contours give -2A(In L) = '_\3(2 =1, corresponding to 39.3% CL for 2 dof SCP
enguins
. > o02F
_ -- nn/pp/pnt (BABAR) == CKM fit ® I UTfit
ICHEP 16 --- nn/pp/prw (Belle) q:, Fsummer16
3 =n/pp/pr (WA) ° I
0.15— SMfit
1-0 T T T T T TTrT TTrT Irr T T T T T T T ITTT
[ T I | a1 T I | L é- L
08 o I
- m -
C 2 0.1
g osf 1 8 [
s | oo |
& W L
; a 0.05
_ E —
i B [
;“'l ol a f'il ] [ | L
20 40 60 180 90 80 110

o]
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MEASURING HADRONIC CONTAMINATIONS

* Time Evolution

» Transversity Analysis: B—>VYV

» |sospin Relations (Gronau-London)

= D'-D° Mixing (Gronau-London-Wyler, Atwood-Dunietz-Soni)
V2T(B" - D'K") = T(B* > D' K")+T(B* - D'K")
J2 T(B) - D)K,) = T(B* - D’ K) + T(B® — D" Ky)

= Dalitz Analysis

» SU(3) Relations: B-ornK,nmw, ..

1 _
— TB > 7n'r)

NG

T(B* > n'n") T(B’ - z°z°)

T(B" > rn'ny=T(B > ")
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?) b) : 0 =0 mas-
b }D b W =0 D"-D" Mixing
u :Q - "‘"’R—.,‘ EE
-11—\ }K L\ S - Gronau-London-Wyler

u K Atwood-Dunietz-Soni

V2 T(B*—»D°K*) = T(B* - D" K*)+ T(B* —» D°K*)

J2 T(B) - D)K¢) = T(B* - D’ K,) + T(B* - D" Ky)

p—] T ' I ] 1 [ I T
@) HFAG I8 O [ZYH -
= E ~ osb -
Cow ' BiDIK”
[ ] ADS u % E?BE(K, T
(CJoasz ] - o 0]
[ Combined . 0.6 - % gd::gz 1
L ] Combined _|
68.3% - iy E
; J
93.5% 1 / A _
e N B R 0 R ;
100 150 0 50 100 150
7 [°] 7 [°]
*
— o Vud Vub _ +5.8\°
> v = arg v v | = (74.0 Py
cd " cb
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UNITARITY
TRIANGLES

V. V.=
_ds ViaVis
Vudvuﬂfs
ct N
N Vcsvts
O\ ——
Vcbvtﬁ)
V = A
AA° (1

Flavour Physics & CP

VuiVuj+Vcchj+Vtinj =0

1-2°/2

(i#])

uc sb

Vuchﬁ Vtth;g
bV b\-’// \/
ub e Vusvc’g Vcchb VusVub

%k
cchd Vt sVus

uquMth Vi dVMthub

A AV (p-in)]
1—232  AQ + (9(/14)
—p—in) —-AA° 1
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SN
U

AV V., + V.V, =0

<

0-7 I_ I I 1 1 1 I I ) ) | 1 1 1 L] L] | 1 I I 1 I ]
g : Am : \ . -
6 B3 T Amy £ % —
0.5 f: —
- | & : sol\w/ cos 2B < 0 —
— g (excl, at'CL > 0.95) .
04 3 —]
1= - 3 ! -
03 | T
— ' o .
0.2 R
0.1 E

: B

o | ] ] | . . h

0.0 E—— B —— ' — — —

-0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0
P
n=n (1—%@ = 0.343+0.011
/Vcd v, UTi
p=p (1—%2@ = 0.153+0.013
(1,0) a=91.0+2.5° ; f=232+12°; y=653+2.0°
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=

Tree-level determinations

Loop processes

0.7 — , I T ——————] 0.7 — , ! —— ——— — -
— o — o —
3 = : : - NE

06 —* ! () ICHEP 16 ] 06 4 ! Amd €k \ ICHEP 16
- g ' . 2 ! \ \ .
E 2 . 3 2 | AN 3

05 —a ' — 0.5 @ i \ O\ —
— o H — ] | \ \ —
1 i — & \ sol\w/cos 2B < 0 —
E s ] 2 m&\aﬂ(\:boas; ]

04 —3 y — 0.4 3 \ \ —
E 5 e = 1= 8 ANE
F i 3 : | \\ .

03 — ' — 0.3 0 \\\\. —]
— 1 — 1 \\‘ —
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0.7 — : —— O B R e e e 07 —— R T R |
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B, Asymmetries
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DIRECT (P

Br(B — f)—Br(B— f)

(B 1) = Br(B — f)+Br(B— f)

A,(B) > 7 K*) = —0.082+0.006 (13.7 0)
AB! > 7 K") = —0.26+0.04 (6.5 o)
A,(B"—> KK 77) =-0.118%£0.022 (5.4 0)

Large & Interesting Signals

Big challenge: Get reliable SM predictions
Severe hadronic uncertainties
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