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What is flavour physics?

Fermions Bosons
(“matter”) (“forces”)
Quarks | 9999999
uwr, ccc ttt ~y
|l sss Is 7+
ddd ss: bb.)> { MATTER } 3ﬁ_
ANTIMATTER
Leptons A
e m T
Ve I/’u, UVt H

Flavour physics:

e transitions between different kinds of quarks
e its all about weak interactions...

e strong interactions as a “background”
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Parameters of the Standard Model

e 3 gauge couplings: gy, Ayears Ustrong

e 2 Higgs parameters: v, my

e 6 quark masses:
e 3 quark mixing angles + 1 phase (CKM matrix)
e 3 (+3) lepton masses

e (3 lepton mixing angles + 1 phase) (PMNS matrix)

( ) = with Dirac neutrino masses
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Open questions in flavour physics

e Why are there so many different fermions?

e What is responsible for their organisation into
generations / families?

e Why are there 3 generations / families each of quarks
and leptons?

e Why are there flavour symmetries?
e What breaks the flavour symmetries?

e What causes matter-antimatter asymmetry?
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Flavour physics issues

Families / generations

3 pairs of quarks (are we sure?)

3 pairs of leptons (are we sure?)
Hierarchies

m(t) > m(c) > m(u) m(b) > m(s) > m(d)

m(T) > m(M) > m(e) m(v;) > m(v,) > m(v,) ?

Mixings & couplings
hierarchy in quark mixings

what about lepton mixings?
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Flavour physics issues

Mixings & couplings
universality

(no) flavour changing neutral currents (at tree level in the Standard Model)

Symmetry principles & their violation

P violation / C violation
CP violation / T violation
baryon asymmetry of the universe

lepton flavour violation

Unification
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Why is heavy flavour physics interesting?

e Hope to learn something about the mysteries of the
flavour structure of the Standard Model

e CP violation and its connection to the matter-antimatter
asymmetry of the Universe

e Discovery potential far beyond the energy frontier via
searches for rare or SM forbidden processes
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What breaks the flavour symmetries?

e In the Standard Model, the vacuum expectation value of the Higgs field
breaks the electroweak symmetry

e Fermion masses arise from the Yukawa couplings of the quarks and
charged leptons to the Higgs field (taking m, = 0)

e The CKM matrix arises from the difference between weak eigenstates
and mass eigenstates

e Consequently, the only flavour-changing interactions are the charged
current weak interactions

— no flavour-changing neutral currents (GIM mechanism)
— not generically true in most extensions of the SM

— flavour-changing processes provide sensitive tests

01-12-2022 Marcin Kucharczyk 8



Lepton flavour violation

e No right-handed neutrinos in the SM, implies they are massless
— neutrinos only left-handed (chirality)
— antineutrinos only right-handed (chirality)

e Neutrino oscillations show they have small but finite masses
— where are the right-handed neutrinos?
— charged lepton flavour violation

— physics beyond the Standard Model

e Why do we not observe the decay y—ey?

— exact (but accidental) lepton flavour conservation in the SM with m,=0

— SM loop contributions suppressed by
— LFV - a mechanism beyond the SM needed

e ?M?r
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What causes matter—-antimatter asymmetry?

e The CKM matrix arises from the relative misalignment of the Yukawa
matrices for the up- and down-type quarks

Ve = UuU;

(U - diagonalisation of mass matrices)

e It is a 3x3 complex unitary matrix

— described by 9 (real) parameters
— 5 can be absorbed as phase differences between the quark fields
— 3 can be expressed as (Euler) mixing angles

— the fourth makes the CKM matrix complex (i.e. gives it a phase)
e weak interaction couplings differ for quarks and antiquarks

e CP violation
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Reminder - 1964: CP violation

Both KO—rt and anti-K°— 1t occur
— K? may turn into its antiparticle, so are not mass eigenstates

The mass eigenstates are:

oy L 0 —0
[Kg) = \/5(|K )+ [K7))

on L 00 70
|KL>_\/§(|K> [K7))

CP operator gives:
CP|K") = |K"),CP|Kg) = +|Ks),CP|K1) = —|Kr)

Thus:
only Kg — nm, but K — 37

Under CP symmetry:
K<s(CP=+1): can only decay (hadronically) to 2n's (CP=+1)
K, (CP=-1): can only decay (hadronically) to 3xn’s (CP=-1)

If CP conserved, should not see the decay K, — 2xn’s
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Reminder - Cronin-Fitch experiment

Observation of K,—»n*n- — Christenson, Cronin, Fitch, Turlay (1964)

The experiment shoot protons on a target to produce K9, after a long enough trip
in @ vacuum pipe, they achieved a pure K, beam.

Experimentally use invariant mass (energy conservation) and angle between K,
and ntn- (momentum conservation).
Find excess of ~56 events in the signal region: BF(K,—»n*n") ~ 2 x 10-3

— CP violation!

e 2-body decay (signal):

COUNTER 30

m(mt*re”) = m(K9)

REGION OF . \
OBSERVED DECAYS SCINTILLATORY
PLAN VIEW MAGNET

20

, ‘. y signal region
Ecru MATOR 4 " Sepanx o BER =
43-0:’ l’/; »j‘*’é“m ‘v@‘iﬁé ( M , - : 494 < m*< 504 -

e oS Ly
*", < 0
57 1 T0 4t V.ﬂk'\U“'? ?
NTERNAL HELIUM BAG~

SCINT ILLAT’\R

WAT ER
CERENKOY
COUNTER

NUMBER OF EVENTS
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Reminder - 1963: Cabibbo mixing

The weak coupling did not look to be universal:

Ss—u eg. Kt—pty, Pion decay v
W_

d—u eqg. nt—pty, d
o
s — u transitions suppressed by a factor ~20 u ::DJ\N\

m(dl) —» p-+ v

u
i

Cabibbo (1963): weak interactions couples

to a linear combination: Kaon decay

U
d=d-cosO_+ s-sin 0, {
sin 8, = 0.22 (empirically) :D_N\M<

K=(sl) — p-+ ¥,

<1

d’=d-cosf.+ s-sinf

But, if the neutral weak currents
d’ =d-cos, + S-sinb, also couple to d’ expect large FCNC
Experimentally, however, BR(K—uu) ~ 7x10-?
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Reminder - 1970: GIM mechanism

K* — ptv, so why not KO — ptu-?
K* — n%u*v, so why not KO — nOutp-?
BR(K,— p+p-) ~ 7 - 109 BR(K,— e*e’) ~ 101!

BR(KO— nOu*p-) <~ 10-10

GIM (Glashow, Iliopoulos, Maiani) mechanism (1970)

assume a new (not yet observed) quark 4 cos 4, "
in SU(2) quark doublets ——
no tree level flavour changing neutral currents KO i AV,
suppression of FCNC via loops
S p*
Requires that quarks come in pairs (doublets) sin 0
prediction of a 2nd up-type quark q —sin g, i
—
additional Feynman graph cancels the ,u-box graph”
prediction of m(c) = 1.5 GeV KO ¢
— Gaillard and Lee (1974) B | -—
= cos @, B
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Reminder - 1973: The CKM mechanism

1973: Kobayashi & Maskawa demonstrate that CP violation arises naturally from
quark mixing if there are 3 generations of quarks

CKM Matrix
(Vi Vs Vi)
=l Va Vo Vo
\th V. Vg, )

3x3 matrix of complex numbers

e = 18 parameters
e Uunitary = 9 parameters

e quark fields absorb unobservable phases = 4 parameters

3 mixing angles and 1 phase allowing for CP violation
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Matter-antimatter asymmetry

e We know that the matter — anti-matter symmetry in the
Universe is broken: the Universe consists of matter.

e But, shortly after the Big Bang, there should have been
equal amounts of matter and anti-matter

— how did the Universe develop a preference of matter?
In 1966, Andrei Sakharov showed that necessary for evolution of matter
dominated universe, from symmetric initial state, are:

(1) baryon number violation
(2) C & CP violation

(3) thermal inequilibrium

e No significant amounts of antimatter observed!
e (N(baryon) - N(antibaryon)) / N, ~ 10-10

Standard Model CPV cannot explain matter asymmetry in the universe
— the only CP violating phase in SM leads to 1017 ANg/N,
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SM flavour sector



Flavour in Standard Model

e Higgs field was introduced to give masses to W+, W~ and Z9 bosons (after SBB)

e Since we have a Higgs field we can add (ad-hoc) interactions between the
Higgs field ¢ and the fermions in a gauge invariant way (Yukawa couplings):

doublets )
singlet

— e
_LYukawa - };(Q:DL;F ¢ ) y}Rj + hC

e The quark flavour structure within the SM is described by 6 couplings and 4 CKM params
e It is convenient to move the CKM matrix from Yukawa sector to the weak current sector

e We can diagonalize the Y;; matrices, such that we arrive in the ,mass basis”

However, then the Lagrangian of the charged weak current should also be rewritten:

d
g — — g
_LW+ = \/5 r ,C, (CKM . ; % W‘u

L
CKM matrix (rotation matrix)

V-« Originates from the diagonalization of the Yukawa couplings

01-12-2022 Marcin Kucharczyk
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Weak interactions in the SM

o After SSB, the charged current of a W— exchange can be written as:

dp,

1— —_ = L ,
JU = (up, e to)y" Vexkn | st
br

e Weak interaction only couples to left-handed field
— left-handed quarks or right-handed anti-quarks
— manifestly violates parity

The weak eigenstates are related to the mass eigenstates by the CKM matrix:

d’ d

/ — ,

s | =Vekm | S

s b
Weak eigenstates Mass eigenstates

01-12-2022 Marcin Kucharczyk
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CP transformation & the weak interaction

d Vud Vus Vub\(d d Vg t
gl=lv, v v ol
=\ Ved Vs Vb | S I W
Quarks
\U Vrd Vrs Vrb/u)
_____ CP=mmm =

Anti-quarks:

CP violation requires complex matrix elements

01-12-2022 Marcin Kucharczyk
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Relative phases

Q: How many parameters does the CKM matrix have?

18 parameters (9 complex numbers): 9 unitary conditions: Vxum VéFKM =1

5 relative phases of the quark fields
4 parameters (*)

(*) 3 (real) Euler angles and 1 phase (single source of CP violation in the SM)

e with 2 generations there is only one real (Euler) angle: the Cabbibo angle
e CP violation requires 3 generations!

When I do a phase transformation of the (left-handed) quark fields:

i¢j i
u,—e u, de —€ de

And a simultaneous transformation of the CKM matrix:

-9, —ip
e Vud Vus Vub e’ V i V
—i - . —= CXp|—1? .+ .
V— e V. V. ¥ e or ¥k p( (¢J %)) jk
cd cs ch
-ig, -ig,
e v. V.V e
td s tb There are only 5
relative phases
. . o . Il ph
The charged current (i.e. the physics) remains invariant: “:"eo"eradp ase)
oo u C %S
Jcc =uny V:jdLj b t

In other words, I can always absorb the 5 relative phases by redefining the quark fields
— these 5 phases are unobservable
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Hierarchy in quark mixing

d S b
£ A \ (o)
d KI-'- = - d ad Vud u
S! — |le 0 . . S \\/
: y W
b t- =« )b
u C t u C
bl ) (S G A
d ) S ; b d‘ s’

» Diagonal elements of CKM matrix are close to one
» Only small off-diagonal contributions

e Mixing between quark families is ,CKM suppressed”

01-12-2022 Marcin Kucharczyk 21



Wolfenstein parametrization

Makes use of the fact that the off-diagonal elements are small compared to the

diagonal elements
— expansion in A~ V,,, A~V,/ A2and p, n

A ~0.22 (=sinf,, sine of Cabibbo angle)

Vud Vus Vub
A~ 1 (actually 0.80)
Vcd Vc.&r 1["T':E:an — o ~0.14
Via Vis Vi n~ 0.34
1 — AE/’Z A A}u:‘{p — in)

= —A 1—)%/2 AN? + O\

AN (1 —p—in) —AN 1

o |Vas|? ova_ |Val? o ViV

)\ B |Vud|2 + |V-u;3|2 A A B IV"Mdl2 _I_ IV"MSI2 p —|_ ?’n Vch/;E)

+in = V1— ASAY(p + )
P = T [ — 22\ (7 + a7)]
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CKM angles and unitarity triangle

Writing the complex elements explicitly:

VCKM =

(v, v, V,
V, V. V,

cs

\

( 1-A%/2
A
~A3 —ifs
\

Using one of the 9 unitarity relations: Vwm

A
1-A%/2

~ A2

- 236
AN
1

/

+O(AY)

.F_
Vekw = 1

Multiply first ,,d” column with last ,b” column:

7o /*% 7Y% IR VL
fud Vi + VeaV, + ViaVy =

01-12-2022
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CKM angles and unitarity triangle

Writing the complex elements explicitly:

(v, V, V,
VCKM= Vcd Vcs Vcb
Ve Ve Ve

Definition of the angles:

\

[ 1-2%/2 A - 236)|)
A 1=z |l ax | |ro0t

kf-«;ﬁ ~_22858)|1 )

Using another unitarity relation: Vg V

.F_
ckm = 1

Multiply second ,s” column with last ,b” column:

VinVias + Va Vi, + Va Vi =0

V.V,

cs ' ch

Vi Vip” & B,

us ' ub
*®
I/ts I/tb

~Squashed unitarity triangle”

01-12-2022
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CKM angles and unitarity triangle

e Imposing unitarity to the CKM matrix results in six equations that can be seen as the sum of
three complex numbers closing a triangle in the complex plane

e Two of these triangles are relevant for study of CP-violation in B-physics and define the angles

Current knowledge of UT

Normalized CKM triangle: (from CKMFitter)
— divide each side by V_, V*_, 15*@'5‘ Y ' A
(p.M)
e VaVii| _ o
R, = % = ‘m p=p1-2712) & .
cd ¥ b E=77(1_A-2/2) .
Y [3 10 . &
=TT e
(0,0) (1’0) _1_5||\||||||j||\||||||||||||||||_
p

The unitarity triangle:

e Shows the size of the CP violation (no CPV means no triangle!)
e Presents our knowledge of CKM parameters
e Shows how consistent the measurements are!
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‘ Progress in UT

felels 1.5

1.0

0.5

=" 0.0

| excluded area has CL = 0.95

Am,

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p
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‘ Progress in UT

2001

first observation
of non-kaon CPV

1.5 |

| | | |
| excluded area has CL > 0.95
1

1.0

0.5

= 00—

2

‘Summer 2001 '
_1 .5 | | L 11 | | L 1 1 1 | L 1 1 1 | 1
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

01-12-2022

Marcin Kucharczyk 25



‘ Progress in UT

1.5

2004

excluded area has CL = 0.95 |
i

: : 1.0
Improvement in

lattice calculations

0.5
more data on

Acp(B — J/v K,)

_ _ =
first constraints

on the angle a

from B —pp 05
-1.0 C
B 2004 .
- _IIII|IIII|IIII|IIII|I
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P
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‘ Progress in UT

Tevatron measure-

ment of Amg

tighter constraints

on a

first constraints
on y from CPV

1=

1-5IIII|IIII|IIII

| excluded area has CL > 0.95 |

1.0

0.5

e
-~ / ‘ ] W
---------- y —_—— e = — =
. —==

3 [

W, -.
..\. II
\ \

inB > Kn .

-0.5 o

-1.0 L

B 2006
_15_IIII|IIIIIIII|IIII|I 1
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Y
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‘ Progress in UT

1.5

| I 1T 1T 1 |
~ | excluded area has CL > 0.95

. 1.0
more contraints

from B mixing

I,

_ 0.5
constraints from
BaBar on
from CPV IS 0.0 [l et
in B > yoc K ;
05 ,
-1.0 C 5
E 2009 :
_15_IIII|IIII|IIII|IIIIIII
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P
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Progress in UT

LHCb measure-
ment of Amg

1.5

1.0

lllllllllllll
| excluded area has CL > 0.95 .

llll'llll

tighter constraints 93
ony
= 0.0t e L
-0.5
-1.0
Y
_1.5 lllllllllillllllllllll
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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FCNC loops in the SM

Map of flavour transitions and type of loop processes

+
o s 3w '35 ; - IR ”
- I I o 0
a b ,luctl! q 7,2° S ! S
v ut .
QCD penguin AF=2 box EW penguin Higgs penguin

| b>s | b>d | cdu | s>

QCD penguin  A.p(B;>hhh)  A.o(B®>hhh)  Aa..(D->hh) K-> 0l
e /e
AF=2 box AMg, AMgy Xy, a/p AMy
ACP(BS_)‘]/LIJ(p) ACP(BoeJh‘sz) SK
EW penguin B->KOup B>muun D>X,l | K->l
B>Xyy B> Xy K> vv
Higgs penguin B.~>uup B%->uu D> uu K-> uu
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Flavour sector beyond the SM



Yukawa mechanism in the lepton sector

e in the SM the lepton Yukawa matrices can be diagonalized independently due
to the global G, symmetry of the Lagrangian, and therefore there are no FCNC

~ LN = Vi QL DRH + Y7 QL URH, + Y7 L) EpH + h.c.

G, = SU(3)g, x SU(3)y, x SU(3)p,.,  Gi=SU(3),, ® SU(3)g,

e however, the discovery that neutrinos oscillate (and are massive) implies
that Lepton Flavour is not conserved

e the level of neutral Lepton Flavour Violation depends on the mechanism to
generate neutrino masses (for instance seesaw mechanism)

e it could be just a copy of the quark sector, but it may be different due to
the properties of the right-handed neutrino
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Seesaw mechanism

Simplification: one family: v, and 14
e total mass term: Dirac and Majorana mass

Lmasg — _m(DLI/H + DRUL)

!
—EM(VFT:’CVF!’ + 17!?617};)

e diagonalization of the mass matrix:

— Majorana mass eigenstates of the neutrinos

for M >> m we get m2
m~-— nmMh~M
1 ] 2

e one very heavy, practically right handed neutrino
e one very light, practically left handed neutrino

At energies small compared to M, Majorana mass term for left handed neutrino:

Lones =~ (T Gy = 7T
mass = T 57 v by +rv Gy

Majorana mass is small if M >> m

01-12-2022 Marcin Kucharczyk 28



Seesaw mechanism

e In case of three families: Neutrino Mixing Ve l/R eL/R
e Compact notation for the Leptons: NL;’R = | Yul/R 5L/R = | ML/R
VrL/R TL/R

e Dirac masses are generated by the Higgs mechanism: (as for the quarks)
cy, = —NimNg + h.c. LE, = —EmFEr+ h.c.

e m": Dirac mass matrix for the neutrinos, mf: (Dirac) mass matrix fore, y,

e Right handed neutrinos —» Majorana mass term:
1 _ _
Lam =~ (NfMCNg + NeMCN)
e M: (symmetric) Majorana Mass Matrix
e this term is perfectly SU(2), ® U(1) invariant

Implementation of the seesaw mechanism:
e assume that all eigenvalues of M are large

Effective theory at low energies — only light, practically left handed neutrinos

e effect of right handed neutrino: Majorana mass term for the light neutrinos
1 _ _
Limass = —5 (N/m"M~"mCN, + N.m"M~"mCN])
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Lepton mixing: PMNS matrix

e we know there are FCNC in the lepton sector (analogous to the quark sector)
because we have observed neutrino oscillations

e therefore the Yukawa couplings in lepton sector do contain also a mixing matrix

Pontecorvo Maki Nakagawa Sakata Matrix

e almost like CKM: Three Euler angles 0;

C12 512 0 C-|3 0 513 1 0 0
Upg=| =512 ©¢2 0 , Uz = 0 1 0 , Upz = g Co3 So3

0 0 1 —s13 0 ¢3 —Sp3  Cp3

e a Dirac phase 6 and two Majorana phases a; and o,

10 0 1 0 0
Ua{o 1 0 ] UQ{D el 0 ]

O D e_fd‘13 D O e—f(_'l'z

¢ PNMS parametrization: Venns = UssUl UiaUs Upp U,
e Vpuns iS unitary like the CKM matrix

e left handed neutrinos are Majorana
— no freedom to rephase these fields!

No hierarchy observed!
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Lepton mixing: PMNS matrix

e we know there are FCNC in the lepton sector (analogous to the quark sector)
because we have observed neutrino oscillations

e therefore the Yukawa couplings in lepton sector do contain also a mixing matrix

Pontecorvo Maki Nakagawa Sakata Matrix

e almost like CKM: Three Euler angles 0;

C-|2 512 0 C-|3 0 513 1 0 0
Upg=| =512 ©¢2 0 , Uz = 0 1 0 , Upz = g Co3 So3

0 0 1 —s13 0 ¢3 —Sp3  Cp3

e a Dirac phase 6 and two Majorana phases a; and o,
1 0 0 1 0 0
Us=| 0 1 0 Uy =| 0 e’ 0
O D e—f:_’:'13

e« PMNS parametrization: Venns = UssUl UiaUs Upp U, PMNS

e Vpuns iS unitary like the CKM matrix 1 -2 ;
e left handed neutrinos are Majorana i

— no freedom to rephase these fields! v.
No hierarchy observed! v. 1 [l
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Lepton Flavour Violation

FCNC processes in the leptonic sector:
T — Yy — ey T — eee etc.
U — Ve Uy — Ve MIXING
Lepton Flavour Violation:

e right handed neutrinos are Majorana fermions:

— no conserved quantum number corresponding to the rephasing of the right
handed neutrino fields

e lepton flavour violation could feed via conserved B-L into baryon number
violation

e if neutrinos are Dirac particles, expect very small (far from experimental
sens.) LFV

e however, if neutrinos are Majorana particles and something like the seesaw
mechanism is at work, large values (close to exp. sens.) are favoured

e in general, any extension of the SM with new states at the TeV scale
generates large charged LFV
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Many flavour related open questions

e Our understanding of Flavour is unsatisfactory:
— 22 (out of 27) free parameters of the SM originate from the Yukawa Sector
(including Lepton Mixing)
— Why is the CKM Matrix hierarchical?
— Why is CKM so different from the PMNS?
— Why are quark masses (except top) so small compared with electroweak VEV?

— Why do we have three families?

e Why is CP Violation in flavour-diagonal processes not observed?
(e.g. electric dipol moments of electron and neutron)

e Where is the CP violation needed to explain the matter-antimatter
asymmetry of the Universe?

Strong CP remains mysterious d. ~ eofs G;zr m? ImA ;3
° © (16m22 M2,

~ 107%ecm with 1~ 0.3GeV
dwp < 3.0x107%°ecm

e flavour diagonal CP Violation is well hidden
— e.g electric dipole moment of the neutron:

01-12-2022 Marcin Kucharczyk 32



Many open questions
Standard Model
e does not describe neutrino masses
e does not have a good DM candidate
e cannot explain the baryon asymmetry in the Universe
e No explanation for the flavour structure
e does not include gravity
e suffers from fine tuning issues in the Higgs sector

Possible extensions
e SUSY, extra dimensions, hidden sectors, .....

e in general, the diagonalization of the mass matrix will not give diagonal
Yukawa couplings — large FCNC

Needed

e precision measurements of flavour observables are generically sensitive to
additions to the Standard Model

e precise measurements of the Higgs boson properties

e precise measurements of FCNC
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