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Hierarchical Structure

1—2%/2 A AV (p-in)]
V ~ W) 1222 AQ + (9(14)
AV (1-p—in) —AA° 1

Axsin@,~0223 ;  A=084 ;  \p*+n’~04

| l |
d S b

Flavour Physics & CP A. Pich — CLASHEP 2019 2



GIM Mechanism
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~ = A F(ml /M) — XA (1= p +in) F(m} /M)

4
= Top contribution dominates. Strong suppression: .17 x 1g — |\’ A
7

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

® Small ¢P in D’decays (LHCb, 21-3-2019)

CPT Theorem: (7f/‘ @ 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)

A =
(B> 1) Br(B — f)+Br(B — f)

Ap(BS > 7 K*) = —0.084+0.004  (210)
AB? > 7 K*) = —0.213£0.017 (12.5 o)
A.,(B"—> KK 7") = -0.122+0.021 (5.8 0)

Large & Interesting Signals

Big challenge: Get reliable SM predictions
Severe hadronic uncertainties

Flavour Physics & CP
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INDIRECT (P : K°—K° MIXING

: § A § d B K2,) ~ p [K°) 7 ¢ |RO)
W W u,c,ty Au,c,t
T I Q/p = (I_EK)/(I_"EK)

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

(Ossa) = o (R, 770, )5, raa | K7) = (343 72 ) B

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

= GIM Mechanism: A, +A.+A =0
(MKL _MKS )/MKO = (7OO:|:OOI)1()’]5

= CP: Im), = —Im)\, =~ g4
= Hard GIM Breaking: S(r,7) ~r == t quark
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INDIRECT (P : K°—K° MIXING

: § A § d B K2,) ~ p [K°) 7 ¢ |RO)
W W u,c,ty Au,c,t
T I Q/p = (I_EK)/(I_"EK)

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

(Ossa) = o (R, 770, )5, raa | K7) = (343 72 ) B

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

clx) =K . PIK)=-|K%) . P IK) = —[KT)
k)= () #[R)) P k) =+ [ki)
Ks) = |k FEKD) L[R2 = [K)E(K)
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INDIRECT (P : K°—K° MIXING

d u,c,t s d w s _

§ | § o] e K3u) ~ v |K) F a |K°)

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

s st 3 = W TG a/p = (1-5)/(1+ &)
K>z l'v, Gou) 5 Koz'lv, (s-ou

[(K} >z I'v,)-T(K} > 7'V, 2 _1gP z
( L2t 1) =T L7 _‘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(K,>r'm) _
CT(Kg—>7n'n)

T(K, > n'n")
00y ~ ¢k
T'(K¢—>7nr)

T €k Moo =

—(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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DIRECT P in K>

T(K, >n'n") , T(K, - n'7")
= T\ T ék Ttk Tloo = 00
I'(Kg>nmm) T'(K¢—>rnm)

~ 4

/-

Re(g! / L PR U/ 16.6 +2.3)-107 NAGE, AT
(ek /&) 6 n ( ) KTeV, E731
L
8 u = Short-distance OPE
G W Ciuchini et al, Buras et al
d u = Long-distance yPT
Pallante-Pich-Scimemi
Re(g;< Cirigliano-Ecker-Neufeld-Pich
Gisbert-Pich, 1712.06147
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B — B MIXING

q W b
I VAVAVAVAVAVS pu o

W u,c,ty AU, c,t

S  NVAVAVAVAVAVA L

t q b w q

Vi VL;; ~ V. V ~ Vi th ~ AN

&

(B H[8%) ~ Pl S [;‘M;fg]é

M, =(0.5064+0.0019) ps™
d

-

AM g, JT 0 = 0.770£0.004

AM , =(17.757+0.021) ps~"

BO_

AFBO/AM ~m,/m <1

Re( ) —0.0005 + 0.0004
d

(%7 very small

Flavour Physics & CP

AM /T, = 26.79+0.08
Vi > Wl

=-0.132£0.008

AFBQ/ FB;) =
Re(Z,, ) =~ 0.00015+0.00070

9/ p| =1 ~ m/m;
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q u, c, t q w b
> > > i ann VAVAVAVAVAVA ey o
M M, j r r,

W W u,c,ty Au,ct M= . _5 .

M, M r, T
< e < —<— NN

b u, c, t q b W q

l. 1/2
‘Bg>: 21 : (p‘BO>:Fq‘§O>) , iEl_iB: 12 2 12
Pl +1q] p 145 Mlz_irlz
(AM)z_i(AF)Z :4|M12|2—|1“12|2 ’ AM AF:4Re(M121“’;)
1T )
AF/AM ~ FlZ/MlZ ~ mz /mtz <1 ‘ ‘%‘ ~ 1+5 ‘]\412 SIN Dp ) Prpy = arg<M12/F12)
12
AMEMB+—MB_ , AFEI‘B+—FB_

0 g, (?) igz(t) 0 cos [AM—iAF] i]
|B'0) _ p ) [gl(’) _ oiMi g Tt/2 2 )2
Bt B’ ’ t -
70) L a0 %) &) isin [AM_éAr]ﬂ

Flavour Physics & CP A. Pich — CLASHEP 2019 14




Widths & Mass Differences

)
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Time Scales: Oscillation ~ sin[(x—iy)Ft/Z:I

e'’e > B)B) > ({vX)({vY)

0.8
. T
AM AF 0 6 figi-i-fifi
X =—" , V=—— ! +
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=Al/2T
D" B;
o} "\ Prob{D°l(t y Prob[B:](t)

04 ¢

almost zero?

0.3
0.2

02|
o Proper Lifetimes S Eiiopei Lifetimes —— K:;n 1 I;iopef' Lifetimes

= KO: x~y~1

= DO: x~y~0.01 Slow oscillation (decays faster)

= By: x~1, y~0.01

= B,: x~25, y~0.05 Fastoscillation (averages out to 0)

Flavour Physics & CP
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B°— B° MIXING AND DIRECT (P

0 _ _ —
B’ e f T,=T[B° >f] ; T,=-T[B">f] ; p,=T,/T,
\ / T.=T[B*>Ff] ; T.=-T[B'>F] ; p. =T./T.
EO
0 _ 3RO , i
CP B"=-B . CPf=T
T[B%(f) — f] ~ %e—“ (ITeF+I1T,F) {1+ C; cos(AM#) — S, sin(AM 1)}
_ _ 1 (= .
T[B°(1) — ] ~ Eef (|TF P 4+|T. |2) {1—cf cos(AM 1) + S sm(AMt)}
q — P
2Im| — —2Im| = p-
-1 _ m(ppfj . _ -lpef _ m(qpfj
S — ; S¢ = — > Ci=—""T 7 ’ S¢ = 2
1+ p; | 1+ | 1+ o5 | 1+ |
M. V.,V o
Al' < AM ‘ Ln |Z2 n 0l _ o2 5 ¢Mz{ﬁ 2 (0
P M, thth —By = =ATN (Bs)
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B°— B° MIXING AND DIRECT (P

T, =T[B’ > f] ; T,=-T[B">f] ; p,=T,/T;

B’ mam)
\ / TFET[BO_)f] ; TFE_T[EO%f] ; PfETf/TF
EO

cPB'=-B" ; CPf=f

TB°(t) = f] ~ — e (IT, [ +|T; ) {1+ C; cos(AM 1) — S, sin(AM 1)}

1
2

T[B°() — T] ~ % e (|TF P4+, |2) {1 — C, cos(AM 1)+ S, sin(AMt)}

_ o, ZIm(qﬁfj 1 ) —ZIm(ppfj
_1_|pf| . S p . C.=— _|'Of| . S_ = q
T =2 f = ) =

Yt P 1+|p; [ 1+ ps [

T.=nT ; To=nT, ; p:=1/p
CP self-conjugate: f =7, f ) . o e e
o =5,
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B?— B? MIXING AND DIRECT 6713

B CP self-conjugate: f=#f
\ / G ViVy e, [ (5)
-0 - ~ — = € 9 ¢M ~ ~ _/12 0
B P A\ th —By ® n (BS )
b g Assumption: Only 1 decay amplitude
! % o —* — 2igp
W q Ab—)qc_]q' _ qu qu; _ e_2i¢D — Pr=pPy=1p€
q AB 799 qu qu’ Cf =0

—> _ = —1; sin(2¢) sin(AM t) : ¢=0,+9,
—f )

Direct information on the CKM matrix
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I'(B' > JwK,)-T(B’ = JwK,)

I'(B' > JwK)+I'(B" = JwK)

8 400}
n N
o 350g
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g z
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© o o
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BELLE 2012
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At (ps)
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Events / 0.5 ps

Asymmetry

— 1, sin(2 ) sin(AM t)

PDG 2018:
sin(2p) = 0. 699 + 0.017

B' > Jly Kg, ,w(2S)Ky , 1. Ky, 1, K

BE¢1 &

=
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sin(2B°™) = sin(2¢:) XY

%

New Physics in
Penguin diagram
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-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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(B’ —>f)-T(B"—>f)

0 — — = —C, cos(AMt)+ S, sin(AM ¢
B® > nw I(B*—f)+0(B" —>f) p cos(AMD)+ 5, sm(AMT)
+ -
: T T Scp VS Cep %
thVﬂw CCP
. _ 1_ — 2
BaBar - C}Eﬁio

: — 2
LHCDb | 1+ ps |

Average

Direct C]ﬁ

Penguins

J i r(B° - »°z%
-0.2 0 I'(B' > 7*n)
Scp

-0.8 -0.6

' = 0.31(5)
* 3 . -0.4
Vie Via ~ AA (1_:0+”7)

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

mm) S ~—sin2a) 9
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B? —» nr,pp,pn

::]’__|}5f|2 +0

f — —
1+ | p¢ |2

Direct

Penguins
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pi) - 0.035 (6)
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T T
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04 + ' 4 Belle _
Average
0.4 F .
I 1 I I 1
-0.4 -0.2 0 0.2 0.4
Cont ; 2 ) ) SCF
ontours give -2A(In L) = Ax” = 1, corresponding to 39.3% CL for 2 dof
V.V o
a = arg b — (88+5)
Vud Vub
‘ - 1n/pp/pmt (BABAR) = CKM fit
ICHEP 16 --- wn/pp/pn (Belle)
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MEASURING HADRONIC CONTAMINATIONS

* Time Evolution

» Transversity Analysis: B—>VYV

» |sospin Relations  (Gronau-London)

« DD’ 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 > rx'n)

NG

1
—T(B" > r'n 20 0_0

T(B" > rn'n")y=T(B - x°)
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1-CL

0.8

0.6

0.4

0.2

'_‘\ji

D'-D° Mixing

Gronau-London-Wyler
Atwood-Dunietz-Soni
Giri-Grossman-Soffer-Zupan

V2T(B" > D)K")=TB"->D'K")+T(B"—> D’K")

J2 T(B) - D) K¢) = T(B) > D' K) + T(B) - D’ Ky)

I

HFAG

[ eLw
[ ADS
[TGasz
[ Combined

68.3%

—
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= Ir —
@) - HFAG [IB
— B ]
0.8~ B'—DK" |
L {:]BADEC’ 4
- [ ]B-DK
0.6 I \:I Bg—>DK*0_
B [1B—DK |
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0.4 ]
0.2+
09 50 100 150
Y [°]
V*
ud " ub o +5.8\°
S = (74.0 733
cd "ch
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UNITARITY
TRIANGLES

V. V.=
_ds ViaVis
Vudvuﬂfs

ct .
N Vcsvts

O\ ——
Vcbvtﬁ)

V = s
AA° (1-

Flavour Physics & CP

VuiVuj‘I"Vcchj'l'Vtinj =0

1-2°/2

(i#])

uc sb

Vuchﬁ Vtth;g
bV b\.,// \/
ubte V Vi V Vi ViusVab

%k
CbVCd Vt sVus

uquMth Vi dVMthub

A AN (p-in)
1—222 AN + O(ﬁ“)
p—in) —-AA° ] |
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Vuqub"'Vchcb"'thVb =0

0.7

k. T - A
[&]
05 g
E ‘E ?:)I(-cwaogl:gga.gﬂ
0.4 _—%
1= g
0.3 — 2
= =
0.2 \
I S
0.1
B \=
0.0 ' S
0.4 0.2 0.0 0.2 04 06 0.8 1.0
p
7=n (1—%12) = 0.348+0.010
/Vcd v, UTi 1
p=p (1—7&) = 0.148+0.013
(1.0) a=90.1£22° ; B=238+13° ; y=65.8+2.2°
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Tree-level determinations
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— < CPV allowed
DO — D% MIXING =12 e :
S HFLAV no CPV 08 =
; 1.2 CHARM 2018 | 0 6:-
1 04’
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0.6 | 0
0.4/ ~ & 0. **
0.2, = i “
L b oo g oo Jopgg Lo g
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I 2T i
0.17 =
+0. - :
LHCb 1903.03074: x =027 1072 :
—0.15 -4
) A S T Y N T
‘ World Average: X = (0.38i0.12)-10 06 08 1 12 14 16

la/pl
Flavour Physics & CP A. Pich — CLASHEP 2019



D9—D°? MIXING: First evidence of C]S (5.30)

LHCb-PAPER-2019-006:

0.0100

0.0075

—0.010-0.008—0.006—-0.004-0.002 0.000 0.002 0.004 0.006

HFLAV

oriond 2019

CDF
LHCb SL

I LHCb prompt

LHCb SL2
+ LHCb prompt2

BaBar
Belle
CDF KK+nm
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Lattice Results for QK

B¥5(2GeV) = 0.557 £ 0.007

Flavour Physics & CP
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B, Asymmetries
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