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Motivation

In general Flavor is the multiplicity of
the same gauge representation

In the Standard Model we observe three
generations = 3 flavors in both quark and lepton
sectors, which leads to all the rich structure in

particles that we see in our colliders: most

parameters of the SM are from flavor sector

Therefore flavor is an essential ingredient of
the SM, and is crucial to understand its success



Motivation

Besides, Flavor serves as a good
motivation for New Physics beyond the
SM, but also strongly constraints it

This was used already when the "New
Physics” was the nowadays SM: in 1970
Glashow, Iliopoulos and Maiani used flavor
physics to predict not only the existence
of the charm quark, but also its mass



Motivation

Unfortunately in these days we do not have such strong
hints for New Physics from flavor, but rather general
ones, related to e.g. the strong hierarchies in the flavor
parameters that we observe ("The SM Flavor Puzzle”),
which can be addressed in SM extensions

Such SM extensions, and in general all exfensions

with a generic flavor structure, are s

‘rongly

constrained by precision observables, u

p to 10°

TeV. This implies that all NP models around the
TeV scale must have a highly non-generic flavor
structure: “The NP Flavor Problem”



Outline

Lecture I: The flavor stucture of the Standard Model

@ The SM in quite some detail
@ Counting parameters
@ CP Violation

@ The CKM Matrix



Outline

Lecture II: Testing the flavor stucture of the SM

@ Experimental Status of the CKM fit
@ Meson Mixing

@ CP Violating Observables



Part I

The flavour structure of
the Standard Model



The Standard Model

Most general Lagrangian
invariant under gauge symmeitry

SU(g)C X SU(Q)L X U(l)y

and field content

Qri = (3,2)1/6 Leptons {gm i (1,2)_1/2
Quarks< Uri = (3,1)2/3 Rimndd.
3

Dpgi = ( 71)—1/3 HiggS { b= (172)1/2



Gauge representation:
SU(3) triplet, SU(2) doublet,
hypercharge 1/6

QL = (%Z) = (3,2)1/6

/

Generation index i=1,2,3: three copies of field with
same gauge quantum numbers = FLAVOR index

Note that SM is chiral theory: LH and RH
fields in different gauge representations:
forbids explicit mass terms
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Kinetic terms (includes Higgs self- ‘fe‘_'r;rr‘lion.-Ferm'ioh;
- gauge boson couplings) couplings ~ Higgs couplings




4 o - )
Lkinetic,ferm — Z ZFZ’V,LLD'UJF’L' — ZQLi’YMDMQLi
Fi = Qri,Uri, DRri, L1i, ER;

@ Have to use appropriate covariant derivative
depending on fermion gauge representation

Dt = 8" +igs G, Ta(F) + igWhT,(F) + ig BYY (F)
= wicd

Ta(1) =0 Ta(3) = 242" T, (@)= QFsEEEE o, /2 [3 parameters]

@ Can always choose to have flavor-universal form

A j [Z@LﬂuD“QLJ‘} o ; 5%’3’ [Z@LWMD “QLJ'}

re-definitions

Kinetic terms have large global flavor symmetry:
invariant under F — VpF, Vi € U(3)

[Kinetic terms do not distinguish different flavors]




[2 parameters]

® When p° >0 (and \ > 0) Higgs acquires vacuum

expectation value
1 [0
#=70)

that leads to electroweak symmetry breaking (EWSB)

@ 3 Goldstone Bosons are eaten by W,Z, which get masses
from Higgs kinetic terms; one real scalar is left over
(Higgs boson h), which couples according to replacement

=73 (o4
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® SU(2) contractions are defined as

Lo = (sz’)a Pa @Lz¢ = (@Li)a Pa @Li = Eqh (@Li)a 3

St o [ B
(s = (Dm> i = <ELZ>

@ Yukawa couplings are 3x3 complex matrices that break

global sym

metries of fermion kinetic terms:
Vi YV, £ Y

Yukawas allow distinguish different flavors:
Flavor physics is physics of U(3)°> breaking



Counting Parameters

@ Can use U(3)> rotations to eliminate parameters in Yukawa
matrices: many parameters are not physical, because they can
be absorbed by field re-definitions; how do we count number
of physical parameters?

@ Analogous fo H-atom in ext. magnetic field: when B=0 have
SO(3) symmetry, but with non-zero B SO(3) broken; B
described by 3 parameters, but can use SO(3) rotations to
eliminate parameters: rotate B in z-direction

B ={(B,,B,, Bz}# % B =G0 By)

Although SO(3) has 3 parameters, cannot use to eliminate 3
parameters in B! Reason is that SO(2) subgroup is unbroken
(rotations in orthogonal plane leave B invariant)

[# of parameters that can be absorbed is Ngiobal = Nunbroken j




Y= VE YV, YoV YW, YoV YeVs,

@ Can choose convenient basis in flavor space with minimal
number of physical parameters; count carefully, because
some subgroup of U(3)> rotations leaves Yukawas
invariant: this subgroup is global symmetry of full Lsm

Show below: unbroken symmeitries are
Baryon number and individual Lepton number

U(3)° 3 Gunbroken — Ul B X U (1) HERE U(1),

@ Need number of parameters in U(3)> : For U(3) have 9
real parameters + 9 phases minus unitarity conditions,
6 for real and 3 for phases = 3 real + 6 phases

[UN): n (n-1)/2 real + n (n+1)/2 phases]



Ngiobal = 5 (3 real + 6 phases) = 15 real + 30 phases
Nunbroken = 4 PhClSGS |

field re-definitions can absorb Ngiobal = Nunbroken = 15 real + 26 phases

Yukawas are 3 complex 3x3 matrices = 27 real + 27 phases

o lepton sector alone: [9-6] real + [9- (12-3)] phases = 3 real

@ can choose to parametrize by e.qg. unitary matrix with 3 real + 1 phase
S
e e ) U d d
ble g Y e e VokM Y diag
3 real 3 real 3 real

@ one physical phase in quark sector: implies CP violation



CP-Violation

@ On field level C and P flip chirality: "maximally” violated in
SM since LH and RH fields in different gauge representation

p
e.g. Er — n”yOER

SU(2) doublet SU(2) singlet

@ Instead combined CP-transformation compatible with
gauge symmetry: always symmetry of Lyiinetic

@ CP is symmetry of full Lagrangian if all couplings real

e Bl ol i R
e.g. YZ;LQLZUR]¢* + h.c. — ngJURJQLz¢ + h.c. = (YZ;) QLiURj¢ + h.c.



@ To prove CP violation (CPV) in general more subtle: have to show
that no flavor basis exists where all couplings real; but we have
just demonstrated that in quark sector there is always one
physical phase: There is CPV in quark sector

@ Note that its the simultaneous presence of up and down sector
that gives CPV: if just up or down, same as lepton sector: no CPV

@ Also crucial is fact that we have 3 generations: if we would have
only 2 generations no CPV. Led to prediction of 3rd generation in
1973 by Kobayashi and Maskawa (Nobel Prize 2008)

@ In SM CPV related to Yukawa couplings -> flavor sector; Higgs
sector respects CP since there is only one scalar doublet; in models
with more Higgses can have CPV also in Higgs sector, e.g. in SUSY



Flavor after EWSB

@ After EWSB have to rewrite fermion kinetic terms in gauge
boson mass eigenstates W*, W-, Z, A: get for gauge currents

9 : . g :
_»Ccurrent S ,ujg = eAlu]gM | (W:]_’L'L_ r hC)

CWw | \/i
N Pyl s o) ) 18
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@ Also have to decompose SU(2) structure in Yukawas

i S e, v+ h
~Cxaana = (ViiFuiBr + YaDuiDay + YyULUn;) "= +hee
@ Use broken U(3)’ rotations to absorb unphysical parameters in

Yukawa couplings: can diagonalize all three matrices by bi-unitary
transformations (“Singular Value Decomposition”)

ER%V]%EEREeR EL—>VI]JEEL56L

VE YER v efc...

@ Defines mass eigenstates ("mass basis”)

d

e— 5 U—
—Lmass = N, €160 il (5 Gim, 8 el U s C

m; = v/V2 (Ydli;ag)i >0 r— R e 1, T+ vetc...



® Note that still have freedom to rotate without changing masses:

erp — P.erp, e; — P.ejy, e = e Pu
+ Pu,Pd

and also full U(3) rotations for massless neutrinos v, — Vi vp

@ In mass basis also Higgs couplings are flavor-diagonal and
neutral and electromagnetic currents remain flavor-universal

(&

m ey

L T - SN

Ly, = {p . CLitH Torn ING IR0 Y T
Higgs couplings Identity matrix same field:

aligned to masses in flavor space uu,dd, ..



@ Note true for charged currents: identity matrix in
flavor space, but connect different SU(2) components

i =Ur L Dt vy 1sa a8l
e T 3
=Sl (VLU) VI?’)/’UJdL -5 VLVE’}/MQL

@ Can use remaining neufrino rotations to make lepton current
universal, but quark currents are non-diagonal: CKM matrix

o s VEVL VCKM = (VvLU)]L Vl%)

Final form charged currents:




_Lcc = i [ﬂLVCKM’V'LLdL i PL/Y'ueL] WIL—LI_ + h.c.

V2

@ This is only term that partially breaks left-over re-phasing;
still invariant if common universal phase in u and d (Baryon

number) and common diagonal phase in e, v (Lepton number)

€ Rim PGGR, 6 PGGL Pe L8 €i¢“

vy, — P.ug, elPr

{U(l)6 XL ), X U(l)TJ

UR%PBUR, uL%PBuL . 1
PB 3 ebi 1
dR %PBdR, dL %PBdL 1

[ U@)s]




The CKM Matrix

g
Ve = (VLU)Jf Vis EULVCKMVMCZL ol g

@ Unitary matrix: in general 3 real + 6 phases; can use broken
phase transformations to absorb 5 phases (6 - unbroken B)

up — Pyupi” up = Edies P — digd ( @ e ewt)
dR == PddR, dL S PddL Pd == dlag ( Zgbd, Z¢3’€Z¢b)
Vokm — Pl Ve Py

Physical observables must be independent of this re-phasing

e.g. Jarlskog invariant:  J =Im (Vo,qVesV, .V

us ¥ ed



CKM Parametrizations

(VCKM)Z']' 6 ( C CS C )




Unitarity Triangles

Can obtain geometric interpretation of
CKM elements from unitarity relations

> ViaVip = g

e.g. Vudeb 5= VCdV(;Z ar V;tdvtz et )

sum of three - closed vector sum triangle in
C-numbers = 0 in complex plane - complex plane

only one triangle with sides of comparable length:
"The Unitarity Triangle”



The Unitarity Triangle

Vud 1 | V;ﬁd t}l;

1 I ub | ik O | 1_ . :
Vch;Z, VchCE Wolfens eu.'l
21 = p+1n
- S
(ps 1)
Q
¥
‘
(0,0)
R, = |z1] = v/ p2 + 1?2 Ry = |22| = /(1 = p)? + 2

Note that if CP conserved have 17 = () and triangle becomes line



The Flavor Structure of the SM
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No Lepton Flavor Violation (e.g. it — e7)
due to conserved U(1l). x U(1), x U(1),

[still tiny when include neutrino masses]

Quark Flavor Violation only in (LH) charged currents and
controlled by hierarchical CKM matrix, parametrised by
3 angles + 1 phase

a9 . 5 0N 3

Flavour Changing Charged Currents (FCCC) at tree-level




The Flavor Structure of the SM

In particular no flavor violation in gluon, photon, Higgs, Z
interactions (at tree-level!)

A5 PR,
y e ,«,4.'
B tan?
W
| SHEs £ SR

S0 N
o
4

Gluon and photon couplings are universal, since aligned
with kinetic terms (due to unbroken gauge invariance)

Higgs couplings are diagonal, since aligned with mass
terms (due to Higgs as only source of mass terms)

Z couplings are universal, since all up and down quarks
have same T3 = +1/2 (despite gauge invariance is broken)

No Flavour Changing Neutral Currents (FCNC) at tree-level!

[general FCNC process: external fermions have same T°]



The Flavor Structure of the SM

Flavor violation in gluon, photon, Higgs, Z interactions can

o arise at one-loop, but suppressed by GIM-mechanism:
loop factor, small CKM factors and m? .../ My
dp
Penguin g° m?2
g )
diagram: o 1672 ZL: e
2
iy
G,V,Z,h M‘%V—i_

FCNC are strongly suppressed by GIM mechanism




..in case you wonder about the name:
the inventor can draw it better




The Flavor Structure of the SM

Example of FCNC/FCCC suppression: estimate decay rates

Kr(sd/ds) — pu~  all T3 = -1/2: FCNC

K_l_ (Eu) ity ,LL+V both T3 = 1'1/22 FCCC

P(KL S ,LL+/L_)
'K+t — utv)

4 2 mi e
~ 3 : 10 9 g mt tsVt
oxp (167r2 Mz

2
) ~ 0.01°)X° ~ 8-10""
5 Only source of CPV is single phase in CKM matrix,
"~ therefore accompanied by small CKM elements:
CPV in SM is strongly suppressed



Part 11

Testing the flavour
structure of the SM



The General Philosophy

@ SM flavor violation described by 4 CKM parameters:
measure these 4 and then make predictions

@ In practice limited by experimental and theoretical precision:

Experimentally have to deal with fact that flavor and CP
violating effects are tiny effects; need very good resolution

Theoretically have to deal with fact that we observe hadrons,
not quarks, and therefore predictions are polluted by non-
perturbative QCD effects: need smart ways fo either measure

or e

For

iminate these hadronic uncertainties

ight quarks can offten use approximate symmetries of QCD

like isospin (mu=mg) or SU(3)r (ms=mu=mg), for heavy quarks can
use heavy quark effective theory (my > Aqcp)



The General Philosophy

CKM measurements can be divided into two classes

“Direct” measurements “Indirect” measurements
tree-level meson decays, in loop processes with internal W
particular semi-leptonic ones exchange (penguin or box diagrams)

directly probe magnitude can probe combinations of

of CKM elements |Vjjl CKM elements V;j; and phases
(sides of unitarity triangle) (angles of unitarity triangle)

likely not affected by possible might be affected by possible
New Physics beyond SM New Physics beyond SM



Experimental Results

Have pretty good direct measurements for |Vl [0.4%]
and |Vl [3%] from semi-leptonic K and B meson decays

* determine A and A in Wolfenstein: left are pand 7

Triangle sides:

R, = |Vup|: semi-leptonic B decays
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Experimental Results

Have pretty good direct measurements for |Vl [0.4%]
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note: cam measure CPV without measuring phase

Triangle angles:
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Experimental Results

Have pretty good direct measurements for |Vl [0.4%]
and |Vl [3%] from semi-leptonic K and B meson decays

* determine A and X\ in Wolfenstein: left are p and 7

Triangle sides:

R, = |Vup|: semi-leptonic B decays

Rt — ‘/td|: Bd4 mixing

note: cam measure CPV without measuring phase

Triangle angles:

from CPV, very precise
determination of sin(23)

from B — J/YKg




Meson Mixing

Have neutral mesons and anti-mesons with S, C, B

KY ~ 3d, D ~ e, BY ~ bd, BY ~ bs

K iossdige D ~'ci) G~ bl S b

S

S, C, B are good quantum numbers for QCD and without weak
interactions mesons would be stable; with weak interactions
they can decay and mix with their anti-particles

eg. K9« K :#AS %% FCNC process through box diagram

y § § highly suppressed, but
K" { b 41 } K leads to measurable effect
d —p—me T B

iIn meson oscillations




Mixing Formalism

[do for B4 system, but valid also for other neutral mesons]

When B produced from initial states with B=0 from
strong interactions, always produced with anti-B°

In general meson described
by coherent superposition

(¢t = 0)) = a(t = 0) |B%) + b(t = 0) |B")

When at t=0 we see other state X decaying (semi-
leptonically), we know its flavor (= "tag” its flavor), so
that our meson must be a pure state of anti-X at =0

We call |B°(t)) the state that at t=0 was pure BC,|B"(t = 0)) = | B

[and similar for the anti-B]



Mixing Formalism

At later Tfimes meson is described by

(1)) = a(t) |B®) +b(t) [B) + c1(t) | f1) + c2(t) | f2) + . ..
= i
miXing ecays

We are interested just in a(t) and b(t), whose
time evolution is governed by Schrodinger
equation with 2x2 non-hermitian Hamilfonian

o, [ (BYMH|BY) (B H ()
Y \(@B|H|B% (B|H|B

that we can write as sum of two hermitian matrices

e M
)



Mixing Formalism

Therefore time evolution of pure states at t=0 is given by

@ (i) = (= 30) (o)

CPT invariance requires that diagonal entries are equal
Moz = M1, 1'11 = Los

The off-diagonal entries are related to dispersive (off-
shell intermediate states) and absorptive (on-shell
intermediate states) part of mixing amplitude; presence
implies that [B°(t)> has not well-defined mass and width

Need to diagonalize Hamiltonian



Mixing Formalism

Hamiltonian can be diagonalized by

i N — LR
D Pt 2 ;
i ( ”ﬁf—§FH>

with eigenstates and diagonalizing matrix

(B =r(m) P04

Instead of eigenvalues use sum and differences

M M
= 248 R T (> 0)

a0
= L;fﬂ AL =g




Mixing Formalism

Solution in tferms of original Hamiltonian parameters is

1
M = M, Am? — ZAFQ =% 4IM12‘2 & |F12‘2

L By AmAT = —4Re (M2I'7,)
<q>2 My i/ g EEWRAT
i My, — /217, te —2M7, + 1l

with normalization condition |q|* + |p®] =1



CP Violation

When CP is conserved one has Hiz = Ha (up to a phase)
Then have same phase for A, and T'y,, so that q/p is
pure phase (that we choose to be 0). Therefore we have:

CPV in mixing <= |q¢/p| # 1

: 1
if CP conserved can choose ¢ =p=— and

V2
equations simplify: Am = 2|M;3|, AL = 2|I'y;

Note that CP approximately conserved when
large hierarchy between M5 and I'¢5



Time Evolution

Now we can study what happens
with state that is pure at t=0

Time evolution of mass eigenstates
determined by diagonal Hamiltonian

Br m(t))= e @0 A vEn. 015 Fi

Can use to obtain time evolution of |B°(t)), \Eo(t»



Meson Oscillations

For simplicity assume CP conservation (Iq/pl=1) and
neglect width difference (good approx for Bgq system)

Amt A b
BO(t)) = e Tt/2e=tMt | cog ;” L gty

=

Note that:

@ Indeed is at t=0 pure B° state
@ Exponential decay governed by width

@ At later times acquires also anti-B° component:
Probabilities to find B°/anti-B° at time t:

¢ 1 +cosAmt _ -1t 1 —cosAmt
Poo_ypoe = | (BUIBO®) P = e Tt 2 Pgo 50, = ¢ 2

[ Neutral mesons oscillate with frequency Am j




Time Scales

If we can observe oscillations, we can determine
CP By, B .
Am = 2|M;2|, which is tiny (induced by FCNCs)

In order to observe oscillations, have to measure
probability of being B or anti-B after time t

Measurement is done by observing decay, which
happens after typical time scale 7= 1/T

Have to compare to oscillation frequency Am
so that relevant parameter is = =Am/T

r < 1: no time to oscillate =z > 1: fast oscillations, average out

T ~ 1: can measure oscillation well! Is case for K and By



What predicts the SM?

In B sector have approximately CP
conservation and therefore Am = 2|Mis]

M2 is given by FCNC box diagram

5—4:%:-4—3

il v v G )
R

L]

Calculation needs hadronic matrix elements that must
be taken from lattice and dominate error; use result
and compare to data to determine [Vial -> CKM triangle

Note that measured effects are very tiny:
AMmB, |exp = 3 - 107 H:GelM—=0.6ps "l M 2o = 5.2 GeV



CP Violation

CP transforms particles into ) — )

anti-particles, up to phases G ARRY T omaed 13

Define CP-conjugated decay amplitudes
Ay = AP S FVE (FlH|P) o (B A(PEsgi= (fHIP)
CP is violated when T'(P — f) #T (P — f)

This requires that we have at least two different
contributions to amplitudes with different CP-odd
(“weak”) phases and CP-even (“strong”) phases

s

a 6i(51—|-¢1) il 673(52-|—¢2)

f
ET aq ei(51—¢1) 4L e 675(52—<Z52,\



CP Violation in Meson Decays

When we talk about neutral meson decays, in
general we have fo include meson mixing

Have 3 Types of CPV:

Interference of 2 decay amplitudes, strong
phase from intermediate on-shell states

B) CPV in mixing (Yindirect CPV"): |q¢/p| # 1

Interference of absorptive (1'12) and dispersive (12)
mixing amplitudes, strong phase from time evolution

C) CPV in decays w/wo mixing: Im (q/p Aj.,/As.,) #0

Interference of mixing and decay amplitude (with no CPV
in mixing and decays), strong phase from time evolution



CP Violation in Meson Decays

Interference of 2 decay amplitudes, strong
phase from intermediate on-shell states

Can be measured by CP asymmetry

'(P— f)—T(P—f)

R TP (P =)

ao

= 7 sin{@s — ¢1) sin (02 =01)

aq

Az /Ag

2 —3

Az/Ag

2_|_1

[see previous amplitude

parametrization]

Relevant for charged mesons (no mixing) and systems with small CPV
in mixing, but strong phase is difficult to calculate; nice example are

B & (D°,D)K* = fpK* decays that measure CKM phase 7



CP Violation in Meson Decays

B) CPV in mixing (“indirect CPV"): |q/p| # 1

Interference of absorptive ( I'12) and dispersive (Mi2)
mixing amplitudes, strong phase from time evolution

Back to mixing formalism: in general have
PO = 9+(1) [P) =~ g- (1) [P')

P(1)) = g4+ (&) [P) — gg_@) PO

1 :
gj:(t) e, 5 ( — i Mgt— FH/Qt Ee—ZMLt—PL/Qt)

from which one calculate decay rates

[ (P°t) = f),T(P°() = T)
that depend in general also on A5 and Ay



CP Violation in Meson Decays

B) CPV in mixing (“indirect CPV"): |q/p| # 1

Interference of absorptive ( I'12) and dispersive (Mi2)
mixing amplitudes, strong phase from time evolution

Now look for simple decay such that no CPV
from decays, i.e. [A5/Af| =1, and Af = A5 =0

* semi-leptonic decays of neutral mesons:

decays of P to | and anti-P to anti-l are tree-level, while
decays of P to anti-l and anti-P to | are strongly suppressed

Measure in semi-leptonic CP asymmetries
T(P(t) = 1TX)-T(Pt)—=>1"X) 1—|q/p* Lo
= . — o | il
L'(PEt)—=ITX)+T (Pt —1-X) 1+|q/p* M2

asr, —




CP Violation in Meson Decays

C) CPV in decays w/wo mixing: Im (q/p As., /Aj.,) #0

Interference of mixing and decay amplitude (with no CPV in
mixing and decays), strong phase from time evolution

Need system where no CPV in mixing or decays

q/p| =T e/ A | = 1

P decays directly to CP eigenstate f, or first
oscillate into anti-P and then decays to f

Measure in time-dependent CP asymmetries

o (e R IR TR )
FoP XTI e F) T )




CP Violation in Meson Decays

C) CPV in decays w/wo mixing: Im (q/p As., /Aj.,) #0

Interference of mixing and decay amplitude (with no CPV in
mixing and decays), strong phase from time evolution

Use mixing formalism for this case; in simplifying case
with small width difference (good in B4 system) find

Afcp (t) THRAE Sin(Am t) Im )\fC’P =

If know mass difference can measure, very
clean since small hadronic uncertainties

nice example is B — J/yYKs that measures CKM angle (3
)\J/QPKS = —Siﬂ26
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