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Flavour Structure of the Standard Model

u v, c v, t v o X0
) ) SR
 Pattern of masses

> Flavour Mixing —

) c;ﬁ Scalar Sector (Higgs)

Related to SSB

e Kaon Factories: u,d, s e LHC: t,b,c
e tCF: C,1 e LC,FCC: t,b,c,t

 BF: b,c,x * VF I Vg, v, v,
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Universality: Family—Independent Couplings

y NEUTRAL Z
CURRENTS
f f f f
.0 Flavour Conserving ﬁ(vf—aws)
W CHARGED W
CURRENTS
Og dy
Flavour Changing
9 n_ 9 -
23/2(1 75) L eft Handed 23/2(1 7/5)
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7 YES 7) NO

A el ¢

NO 73 YES

ﬂ and ¢ In Weak Interactions

CP still agood symmetry (1 family)
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FERMION MASSES

Scalar - Fermion Couplings allowed by Gauge Symmetry

(+) (0)t _ (+)
[’Y - = (qu'qd)L |:C(d) (Z(O)j (qd)R +c (_¢¢(+)T) (qu)R:| - (VI’I)L ct) (Z(O)] IR + he.
1

¢(O)—)ﬁ(V+H) , ¢(+)—)0 1 SSB

H _ . —
Ly = —(1+7j {qu Og dg + Mg, Ty G, + M II}

Fermion Masses are [m . ,mJ i [c“’),c(“),c(')] v
New Free Parameters fot J2

m f
v - m,

H \ Couplings Fixed: Yusr =~
f
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FERMION GENERATIONS

N; =3 lIdentical Copies Masses are the only difference
Q=0 Vi U Q=+2/3 (=1} WHY 2
Q=-1 I d Q=-Y3

— I/ ¢(+) ]
-3 ), |4 (4] ae
ik ¢
1 SSB
H

L, = —(1+—j Hd-My-di + UMY+ M-I+ he
Vv

o _ )
(_¢¢(+)T) U&R] - (VJ : IE)L Cglk) [Z(O)}I&R} + h.c.

Arbitrary Non-Diagonal Complex Mass Matrices

(Mg m iy = [ e e ]
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DIAGONALIZATION OF MASS MATRICES

' T
My = Hy-Uy = Sq-My-S4-Uy H; = H;

Uf-U]I=U]T-Uf=1 ﬂ

M, = H,-U, = S-M,-S,-U,

' T _ f _
M| = H,-U, = §/-M,-S,-U, S¢-Sf = S5;-S =1

M, =diag(m,,m.,mg) ; M, =diag(my,mg,m,)

HY (= )
c, = —(1+7) (d-My-d+ T M,u+ T M-

M, = diag(m,,m,,m,)

d =S,-d_ : u =S,-u. 5 I, =851
dRESd‘Ud’d% , URESU.UU.UE , IRESI’UI'I(Q

fif =ff . ff=ff, —>
ud =0 -V-d, ; V =S,-S] —>

QUARK MIXING

Flavour Physics

Mass Eigenstates

-

Weak Eigenstates

Lye = Liye
Loc # Lec
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Flavour Changing Charged Currents

Loo = —LW; Zﬁiy“(l—yf,)vijdj + Z\T, (=)l | + hc.
2\/§ i I

u t

Dad

d b

Flavour Conserving Neutral Currents (GIM)

S l’l+
LHCb, 2001.10354

NO Br(Ke = " u) < 21x107%
(90% CL)

o |
5
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Weak Decays

V v,
. T°
W e W e, u,d,
Ve VeV, U
o g2 qz << Mv%/ gz
T(I—>vllvl,)~MV2V_q2 SRR MVZV:MEGF
1 Gé mz 2 fan2 5 2
= Topq5 | (Mem,) Iy mm) G, =(1.1663787+0.0000006)x10"° GeV"
T
y2i
2
Moy = {1+a(m#) (E—n2j+cz a(mél) } = 0.9958 ; f(x) =1-8x+8x°—x* —12x* log X
2w 4 /4
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LEPTON

UNIVERSALITY

g Vi
T u TT gp, }'L W L/u
g %<_ —w<_ \_
p Ep Vi Vi Vi
ge c
ge gT/VT ge W /
—— T —"c SN0
—— T\
T %/e 7 \Ve
ge\ve
gt V’E
+/
T %/e _)_gr/r/VT \:Vnnfg’r’/’c
_ T
9, LS, T, nK 2
g Sp Vi W g,
/
m %/e _w\_ JSUUTT__
Y Vi
ge\ve u
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CHARGED CURRENT UNIVERSALITY

A. Pich, arXiv:2012.07099

‘ gy / ge ‘
B, ,,/B. e | 1.0017+0.0016
B, /B e | 1.0010+0.0009 .19,
By_,,./Bk_se | 0.9978+0.0018 B, ,e 7,/7. | 1.0011+0.0014
B sz /Bksze| 1.0010+0.0025 | | Tesr/T2s, | 0.9965+0.0026

By, /Buoe | 0.998+0.004 T k/Tks, | 0.986+0.007
By . /Bws, | 1.004+0.016

‘grlge‘

B, ,,.7.,/7. |1.0028+0.0015
By, /By e | 1.022£0.012 | 0997+0011 (CMS preliminary)
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Flavour Changing

X
X

Charged Currents

v v
d S b

» r(d, —ue %) o« |V,|

We measure decays of hadrons (no free quarks)

Important QCD Uncertainties
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V;; Determinations

PDG 2020 CKM entry Value Source PDG 2018
Vud\ 0.97370+0.00014 Nuclear S decay 0.97420 (21)
V| 0.2245+0.0008 K — () ¢v 0.2243 (5)
™ 0.221+0.004 D— (7)¢v,vd —>cX
V4| 0.987 £0.011 D—>K/v,D,— lv
V| 0.0410+0.0014 b—cl/v,B—>Dv
Vi 0.00382 +0.00024 b—>ulv,B>xlv
V| 1.013+0.030 PP, PP —>th+ X
Vil [VE vl | > 0.975 (95% cL) t>bW /t—qW
V| 0.0080+0.0003 B —BY mixing
A 0.0388+0.0011 BY —B. mixing

0.9994 + 0.0005 (PDG 2018)
V| + [Vis| +[ V| = 0.9985+0.0005 V| + [Vip| +|Ve| = 1.02820.061

2
V.| +

uj

V

cj

Viol? + [Viof +| Vo[ = 1.025+0.022 zj;( ) = 200220027 (&)
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Hierarchical Structure

1— A%/2 L A (p-in)
~ ) 1-2%2  AQ? + O(/l“)
AL (-p—in) —-AA 1
Axsing,~0225 ;  Ax081 ; Jpi+np’~04
u C t
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QUARK MIXING MATRIX

® Unitary NgxNg Matrix: NZ parameters
V - VJr — V]L -V =1 %NG(NG—l) moduli, %NG(NGJrl) phases
® 2N, -1 arbitrary phases: TU;V,;d,

U > elu  d > e%d =) V. > e\

i i ij ij

Vi Physical Parameters:

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

|

cos 6, sin 6, }

—sin 6. cos 6,

(Cabibbo)

B No 6/5

e N;=3: 3 angles, 1 phase (CKM) c¢j=cosg; ; s;=siné

X

A=sin 6. =0.225 ;

Flavour Physics

C12 C13

13
_512 C C12 S23 S13 e C12 C

13
S12 S23 o C12 C23 S13 e _C12 S23 o

1-1°/12 A
—A 1-1%/2

AL} (1-p—in) —-AA?

A~0.81 ; Jp°+n° =04

S12 C13 S13 €

AL (p—in) ]

AL
1

812 S23 S13 e

13
S12 C23 Sl3 e C23 C13

13
SZ3 C13

+ 02

5,720 (n=0) C]S
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GIM Mechanism

s W d 3 u,c,t d

FOI=F@FO) AL o Y,V B(mE /M) + V, Vi Flmt /M)

cs ' cd

~ = A F(ml /M) = N A (1= p +in) F(m] /My,)

4 2 2
2 mt )\mc

A -, :
My, My,

» Top contribution dominates. Strong suppression: M x 12 5
T

= GP effects fully governed by top contribution [Im(V V)=—Im(V, V;;)}

cs " ed
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R D Loop & CKM suppression
are becays Sensitivity to New Physics
+ —_—
Bsg = 1
07 %1072 F. Archilli, Moriond 2021
3‘ - _i-'\"|]ll-‘lll'?\'I|]\'.‘|L| hH';’_L[‘i’I_l}l}’é {I'I. | [LHC;:) —
+ | JPCED |
306 i Preliminag" a4fb
OT 0.5 S =9 !
a - . 7
04 i
03 -
| - d t t b
z-i- RE R
0 [ . - 1 L Ix10™° ¢ ¢t ¢
0 1 2 3 4 5 6
B(B;— u'u) W HE | Z> HO, AQ

B(B° 0 =(2.9+0.4)-10°° L
(B > ' )exp ( ) Sensitive to (pseudo)

B(By = 1"t ) = (O.Sf%:g)-lolo scalar contributions
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Violations of Lepton Flavour Universality

LHCb 1705.05802 - Belle 1904.02440
. [ 2.1-2.5 deviation fromSM ] | Agreement withsM Belle preliminary
[l:?: l_o :_ e P ——— _: : T
FRE S & A 1511 T 3
0.8 | T . [ T
N ? 1 Laol 1 ’
(B — K*utu~) 06 ek 1 o0l = : { B 1
- BIP ] i I
(B — K*ete™) oa4f Y CDHMV 7] [ L sl
i B FOS ] 05| < LHCb d
0.2 B . & flav.io 7 + BaBar
- LHCh * JC ] i B swm prediction
DU e b b b b b | 0.0 1 n n i I 1 A n i " 1 " i i i 1 " i i i
0 1 2 3 4 5 _ §] 0 5 10 15 20
¢ [GeV?/cY q® (GeV?/c?)
T T T
= . BaBar
: 0.1 <g*<8.12GeV¥/c*
[PRD 86 (2012) 02] -
: Re = (BT = Kipip™) o, +0.042+0.013
. Bl 2 r(Bt — Ktete) 00,039 -0.012
: 1.0 < g < 6.0 GeV¥/c*
[JHEP 03 (2021) 105]
o LHCb o 8" 3.1 o below the SM
- 1.1 < ¢?< 6.0 GeV¥/c?
[LHCb-PAPER-2021-004]
Ly P
0.5 1 1.5

RK
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R(D*)

0.35

03

0.25

0.2

Flavour Anomaly

D(*)

3.08 0

B(B — D"~

(charged currents)
b

Vr

)

Tree-level

B(B — DY)

discrepancy

process

(3.2 o with more recent predictions)

LHCb, 1711.05623:

Belle, 1903.03102:

Belle, 1612.00529:

Flavour Physics

_ B(Be = J/prir)

FP" = 0.60 4 0.08 4 0.04

e
PP

[ I I I ]
4 BaBar (2012), had. tag BaBar (2012), had. tag
~ > T - o -1 P —
- [ HFLAV average Ay~ = 1.0 contours 7] 0.440 & 0,058 + 0,042 —_— 0332 £0.024 £ 0.018
— — Belle (2015), had. tag Belle (2015), had. tag
- m 0375+ 0 026 ———— 0.293 + 0.038 + 0.015
< — Belle (2019}, sl. tag
B 1 0.307 + 0.037 £ 0.016
= - i Belle (2019, sl.tag
C —] Average 0.283 + 0.018 + 0.029 B
| : ] 0.340 & 0.027 £ 0.013 e LHCh (2015)
- - = SM pred. average 0336 + 0.027 + 0.030 R
) 4
- LHC 1?18 = 0.295 £0.003 ! LHCh {2018}, (had. tau)
o 5 ] PRD 94 (2016) 094008 0.280 £ 0.018 & 0.029 -
[ N — 0.299 + 0.003 & Average
- : ] PRD 95 (2017} 115008 0.295 £0.011 £ 0.008 ——
= = 0.299 £+ 0.003 14 SM pred. average
- - JHEP 1712 (2017} 060 A252£0.003 | ]
— —] 0.299 + 0.004 - PRD 95 (2017) 115008
E . FNALMILC (2015) 0.257 % 0.003 i
= E TS eaT —.- JHEP 1711 {2017} 061
o Bellel7 ] 11.:&)(*0.2015) 0,260 = 0.008 | B
B o A - L) (201 - JHEP 1712 (2017} 060
— + Average of SM predictions HLA v L0 Shoe 0.257 4 0.005 -
B R} = 0.299 + 0.003 Spring 2019 |+ HFLAY
- R{D*)=0.258 + 0,005 PO - 2% ]
L l ' L L 1 I L L L L l L L L L I L 'l L 1 BRI [ ] L L 1 L l L 1 s J_.J_ 1 L 1
0.2 0.3 04 0.5 0.4 0.2 0.3 0.4
R(D) R(D) R(D*)

1

=071£0.17£0.18 (1.70) 'R.fﬁ"p ~ 0.26 — 0.28

i !

B(Be — J/¢uiy)

(1.6 o) FPgn = 0.455 4 0.003

0.21

+
0.38 £0.51192L

PL ey = —0.499 + 0.003
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® C,P: Violated maximally in weak interactions
® CP: Symmetry of nearly all observed phenomena
® Slight (~0.2 %) §7f> in K° decays (1964)

® Sizeable CP in B’ decays (2001)

® Huge Matter— Antimatter Asymmetry in our Universe
=mm)p  Baryogenesis

® Small ¢P in D°decays (LHCb, 2019)

CPT Theorem: (,WS @ 7

Thus, C,’I‘ requires: = Complex Phases

= |nterferences
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DIRECT (P T(P—f)| = |T(P-T)]

T(Pof) =T, e"e 4+ T,e% e

—2 Tl T2 Sin(¢2 _¢1) Sin(52 _51)
T+ T,°+2T, T, cos(¢, —4,) cos(5,—5,)

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

Flavour Physics A. Pich — 2021

61



DIRECT (P

Br(B— f)-Br(B— f)
Br(B— f)+Br(B— f)

ACP(B_> f)=

A (Bf — 7 K") = —0.084+0.004 (21 o)
A(B? - 77 K*) = —0.213+0.017 (12.5 6)
A.(B" > K'Kz%) = —0.122+0.021 (5.8 0)

Large & Interesting Signals

Big challenge: Get reliable SM predictions
Severe hadronic uncertainties

Flavour Physics

HFLAV -5 K
May 2018 T
p—— KtK—7+
== K 71~
s+ KK KT
—# K+
Belle i Ktptpu
BABAR 0
Our Avg. K™
K*y
= K"
Kt
4
K
'E [\'+7T”
—
4= Ki(1430)"77

(s +d)y
S
—— Aj“ +

I — — @]‘-’+

[ pKp

——
T+
—t— PPk

—_———— -i][(*”

0 -
Y

—— —— K

— T
———

——

WK™

@hwﬂ
KO+ K-
KV'r+a

P
T T T

p+pU

———
e — ——

-0.4

] | L] ! L] L]
0.0
Acp

0.4



Backup
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Vi, Determination (©-0) 45"

Konfv,D>K¥v...

(P'(K)|Ty"d|P(K)) = Cpp {(k+ k)" f (0°) + (k—k)" f ()}

G2M?
I'(P P'l| - —F P
(P— ) 19273 |

2
f,(q°)
t,(0)

(Me-Me? O 372, 2 x 22 pp2
I~ fo WA (9%, Mz, M)

P

Measure the g2 distribution  =mp |
Measure I ) .(0) V|

Get a theoretical prediction for  1,(0) mwmp |V |
Theory is always needed: Symmetries

Flavour Physics A. Pich — 2021
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PDG parametrization of the CKM matrix

Wolfenstein:

I \Y;

Flavour Physics

C12 C13

_512 C23 o C12 S23 S13 €

i5,3 16
512 S23 o C12 C23 S13 € _C12 S23 _ S12 C23 S13 €

1 0 O (o
Crs Sy 0
0 S23 C23 813 e

S, =4 , S,=AA" , s,e"2=A2%(p-in)

1-1°/12
—A

u

S12 C13 313 €
C12 C23 o 812 SZ3 Sl3 € SZ3 C13
3
C23 C13
—io ] — —
O S13 € o C12 S12 O
1 0 —-S, C, O
1913 0 0 1
0 c¢5 | l _

A
1—2%/2

AL (L-p—in) -AA?

AL (p—in)]
AL
1

+ (9(14)
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Standard Model %: 3 fermion families needed

G my HM?)-HM?)-J =0
H(M2) = (m@ —m?) (m? - m2) (m? —m)
HMZ) = (mZ-m2) (m?-m?) (m?-m7)

J = €y Cly Cpy Sy Sy 53 8IN 5y = |AP2%| < 10

- Low-Energy Phenomena

e Small Effects ~ J

—)

« Big Asymmetries 4@  Suppressed Decays
« B Decays are an optimal place for C7f7 signals
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