Theory & Analysis in Particde Physics

[2 1 JANUARY - 11 FEBRuUARY 2011, ISTANBUL, TURKEY]

This is a 12 day school on Theory & Analysis in Particle Physics. The school is to be held in English with @ maximum of
50 students. The first part will focus more on the theory side and the second part, separated by a sotial adivity day, on
the analysis side. The target audience is the 4th year undergrad and early gradvate students.

The theory week will foecws on introduction to Parlicdle Physies, Quantum Field Theory and the Standard Model. The
analysis week will cover the analysis teols, programming and simulation techniques followed by a bladk box analysis
game in the “LHC Olympics” style. The knowledge acquired during lectures will be solidified through nightly homeworks
followed by diseussions on subsequent mornings:

Lectures on Flavour Physics [APPLICATION]
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he lectures cover a selected numbers of topics In
flavour physics, reflecting the flavour of the lecturer.

[ he focus will be on the fundamental concepts.

—ocus: * neutrino physics * B meson physics

A complete coverage of the field can be found In re-
cent books, reviews, reports and published lectures:

— Reading list



Prologue Standard Model of Elementary Particle Physics (SM)

e Fundamental forces in nature < Local gauge principle U(1) x SU(2)y x SU(3)

Electromagnetism (QED) Weak interactions Strong interactions (QCD) Gravity
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e Building blocks of matter:
fundamental leptons and quarks (left-handed doublets, right-handed singlets):
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e Flavour physics is that part of the SM which differentiates between
the three families of fundamental fermions.



Main successes of SM:

e All gauge bosons (J = 1) and fundamental fermions (J = ) experimentally verified

e Electroweak precison measurements at LEP (CERN), SLC (SLAC), Tevatron
(Fermilab) confirmed SM predictions in the gauge sector: 0.1% accuracy !



Main successes of SM:

e All gauge bosons (J = 1) and fundamental fermions (J = ) experimentally verified

e Electroweak precison measurements at LEP (CERN), SLC (SLAC), Tevatron
(Fermilab) confirmed SM predictions in the gauge sector: 0.1% accuracy !

Weaknesses of SM:

¢ Higgs boson not observed vet, mechanism of mass generation not confirmed vet
(unitarity problem has to be solved)

e Many free parameters, mainly in the flavour sector of SM =z _ ¢ L T
(hierarchy of masses and mixing parameters) B Ha‘
50 E s < ]
e Gravity not involved in unification (Planck scale) . ! T
: Yo, _—
e Unification of electromagnetic, weak and strong force. 3n S
Indications: 0 ]
e quarks, leptons compatible with higher gauge symmetry: 10 : i
U(1) x SU(2)r x SU(3) — SU(5) or SU(10) 1§ ay
e unification of coupling constants at higher scale O T 1



Hierarchy problem: Quantum corrections to Higgs boson mass:

Higgs Higgs
/’_\ ma ~ (ma tree T 1f(16772)ﬁr%|p
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After inclusion in larger theory: No stabilisation of the Higgs boson mass at the SM scale

Comparison:
Fhoton and quark masses protected by gauge symmetry and chiral symmetry, respectively

Many solutions to the hierarchy problem on the market:
Little Higgs Models, Extra Dimensions, Supersymmetry, ....



e Supersymmetry offers most elegant solution for the hierarchy problem

Higgs Higgs Higgs Higgs

om3 ~ Ajp = dmd ~ log(Mstop/Mtop); Msusy < 1TeV

e Generally to avoid fine-tuning of the Higgs mass (working hypothesis of LHC):

mH (T”H)tree + 1/(16172)!'\ Np = Anp < dmmyy = 1 TeV



e Supersymmetry offers most elegant solution for the hierarchy problem

Higgs Higgs Higgs Higgs

om3 ~ Ajp = dmd ~ log(Mstop/Mtop); Msusy < 1TeV

e Generally to avoid fine-tuning of the Higgs mass (working hypothesis of LHC):

mH (T”H)tree + 1/(16172)!'\2 Np = Anp < dmmyy = 1 TeV

e However, electroweak precision measurements (LEP,SLC, Tevatron) naturally
indicate a higher new-physics scale (parametrized by higher-dimensional operators):

Little hierarchy problem ANF’ ~3—10TeV

Highly nontrivial constraint on the possible new physics in the LHC reach!

e [ here is yvet another indirect way to look for new-physics beyond SM ...



First status report Flavour in the SM

CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

3
Im[Vy; Vg ViViil = Jokm D €ikm €jin Jekm ~ O(1075)

mn=1

VidVip + VeaVep + ViaVi, = O



First status report Flavour in the SM

CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

VW
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3
Im[Vy; Vg ViViil = Jokm D €ikm €jin Jekm ~ O(1075)

mn=1

All present measurements (BaBar, Belle, CLEO, CDF, DO,....)
of rare decays (AF =1),

of mixing phenomena (AF = 2) and

of all CP violating observables at tree and loop level

are consistent with the CKM theory.

Impressing success of SM and CKM theory !!



First status report Flavour in the SM

CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

T his success is somehow unexpected !!

Mgysy Msysy , S S
Photon, Z
E b o

Flavour-changing-neutral-currents as loop-induced processes are
highly-sensitive probes for possible new degrees of freedom

Impressing success of SM and CKM theory !!



Global fit, consistency check of the CKM theory.

1<

0.7

0.6

0.5

0.4

VIIII

excluded area has CL > 0.95 T

T Illy

fitter
ICHEP 10

sol. w/cos 2f < 0
(excl.at CL > 0.95)

IIIIIIIIIlIIII|IIII|IIII|IIII

I

0.4 0.6 0.8 1.0



0.7

N I_ 1 1 I 1 1 1 I 1 1 1 I 1 1 | L I L L 1 I L Ll 1 _
Closer Look: — 8 ' -
e 5 Am, A s % =
) — 3] ' ICHEP 10 -
~ |8 : -
05 — ' —
= 0 -
: 04 32 _ =
CP conserving = E2 ; 7 -
0.3 [4 : —
02 ; =
0.1 : =
: B -
0-0 1 L 1 I L L 1 I 1 L L L L I L 1 1 l -
0.7 N IH 1 1 I 1 1 1 | 1 1 1 I 1 1 | I 1 | L l L L L l L L T _
o8 i EK \% =
@ : \ \ _
. . 05 7 I A\ \ —
[ @ J sol.\wh\:p32|3<0 _
CP 1IIur"ll‘.3'|EI‘EII']'.'_I] mile !
— 3 i (exci\,\;at CL>095)
0.4 _—% \ —
observables = E8 Wi oc\\\ -
0.3 | . : VA N\ e
: A &
0.2 __ : \\'\\\ _—
0.1 f— i \=
= /oy B
00 @ _— P B B i
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

I



=

1=

0.7

0.6

0.5

0.4

excluded area has CL > 0.95

IIII|IIII|IIII|III]

0.3

0.2

0.1

0-0 1 1 1 I

Y(a) ICHEP 10

L

0.7

0.0 0.2 0.4 0.6 0.8

yllll]

0.6

0.4

Ll
uwy
(7]
o
A
|
O
05 —
» 1]
8
[0}
=)
QO
is)
2
Q
>
[11]

0.3
0.2

0.1

0.0

=t IIII|IIII|IIII|IIII|IIII|IIII|IIII

T T T I T T T T l T T L} l T 1 1
Amd s € \ | fitter
ICHEP 10
\ \
v
A\
\ ‘.\
sol.\wf cos 2f<0
(excl\at CL > 0.95)
& X

\ O\

—

'S IIII|IIII|IIII|IIII|IIIy

1
o

Tree processes

Loop processes



Most surprising is the consistency between the tree-level

and loop-induced observables

Semileptonic tree-decays Versus Neutral-meson mixing AF =2

SM-dominated Potentially more sensitive

to New Physics



Most surprising is the consistency between the tree-level

and loop-induced observables

Semileptonic tree-decays Versus Neutral-meson mixing AF =2

SM-dominated Potentially more sensitive

to New Physics

T here is much more data not shown in the unitarity fits which confirms

the SM pedictions of flavour mixing like rare decays (AF = 1)



From left, Yoichiro Nambu, Makoto Kobayashi and Toshihide Masukawa, who shared the Nobel Prize in Physics on Tuesday
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Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are

also discussed.
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CP.-Violation in the Renormalizable Theory of Weak Interaction 6567

Mext we consider a 6-plet model, another interesting model of CFPyiolation,
Suppose that G-plet with charges (2, 0, 0, 0 —1, 0 —1, Q2 —1) iz decomposed into
Sl e (2] multiplets as 2+ 242 and 1+1+1+1+1+1 for left and right com-
ponents, respectively, Just as the case of (A, C), we have a zimilar expression
for the charged weak corrent with a 3x3 instend of 2% 2 unitary matrix in Eq.
{5). As was pointed out, in thiz case we cannot absorb all phases of matrix
elements inte the phase convention and can take, for example, the following
EXprERRInn

cos —ain , cos & —zin £, s5in &y
sind, cos fy eos ), cos O cos 0y —sin 0y zin 0% cos §, cos 8, sin 0, -+ sin 0 cos Ae* |
\=in 8, sinfy cos d, sin {, cos 8, + cos & 5in fe™  coa § ain @, sin #,— cos By sin Ge"
(13)

Then, we have CPviolating effects through the interference among these different
current components. An interesting feature of this model is that the CPwviolating
effects of lowest order appear oaly in 450 non-leptonic processes and in the
semi-leptonic decay of neutral strange mesons (we are not concerned with higher
states with the new guantom number). and not in the other semi-leptonic, 45=0
pondeptonic and pure-leptonic processes,

S0 far we have conzidered only the straightforward extensions of the original
Weinherg's model. However, other schemes of underlying gauge groups and/or
gealar fields are possible. Georgi and Glashow's model” is one of them. We
can easily see that CPviclation is incorporated into their model without introduc
ing any other fields than {many)} new fields which they have introduced already.

Relerences

11 5 Weinberg, Phys. Rev, Letters 19 (1957}, 1264; T (15711, 1684,
21 7. Maki snd T, Maskawa, RIFF.148 (prepeint), April 1972,
3 P, W. Higgs, Phys. Letters 12 (1854), 132; 13 {1964}, 508.
G. 3. Guralnik, C, B, Hagen and T. W. Hibhle, Phys. Fev. Letters 13 (1964], 585.
41 H, Georgi and 5. L. Glashow, Phys, Rev, Letters 28 (19723, 1484,

Errata:

Equation {13} should rend as
cina ) —ain ) cos iy —gin & sin iy ;
gin fooady  coslcos faeos dy — sin fhein Hee®  poslycos fhein s + sin fyoos dapt | .

sinihsinfy  oosdsinfaons fy + cos fasin l'.',w."’ ons iy sin fgsin fy — cosfgons |'.'_-|+-."‘

(13)



However,...

e CKM mechanism is the dominating effect for CP violation and flavour
mixing in the quark sector;

but there is still room for sizable new effects and new flavour structures
(the flavour sector has only be tested at the 10% level in many cases).

e [ he SM does not describe the flavour phenomena in the lepton sector.
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Flavour problem of SM

Lsnr = Laq uge (A-i: ¢E) + ﬁHig;gs (CD? Wi, “”)

¢ Gauge principle governs the gauge sector of the SM.

e NO guiding principle in the flavour sector:

CKM mechanism (3 Yukawa SM couplings) provides a phenomenological
descripton of quark flavour processes, but leaves significant hierarchy of
quark masses and mixing parameters unexplained.

Compare for example:

Vus| & 0.2,|V,p| ~ 0.04, |V,;| &~ 0.004 versus gs~ 1,9~ 0.6,9' ~0.3



Many open fundamental questions of particle physics are
related to flavour :

¢ How many families of fundamental fermions are there 7

¢ How are neutrino and quark masses and mixing angles are generated 7

e Do there exist new sources of flavour and CP vioclation 7

e Is there CP violation in the QCD gauge sector 7

e Relations between the flavour structure in the lepton and quark sector 7



B meson physics Prologue

What can we learn from decays of B mesons 7

B9, =%d(s), BY, = bd(5), Bf =bu, By = bi

e b quark heaviest quark with pronounced hadronic
bound states (QCD tests)

e Many different decay modes (mp = 5.27GeV)
— rich CKM phenomenology

e GIM suppression largely relaxed because m; very large
(BR of FCNC in B system =~ 10— « K or D system)

e Independent test of the mechanism of CP violation
(large effects «— K system)



Large my,, overrides GG/ suppression

b Vo u Vu g bVa ¢ Va g bVe t Ve g

A = Vi Vaaf (ma) + VaVeaf (me) + VisViaf (me)

A=0 if my=m:;=my

However my; > m,.m,,

f(m) = m? quadratic GIM f(m) = log(m) logarithmic GIM



Central Questions in B Physics

CKM phenomenology

Mechanism of CP violation

Indirect search for new physics

Quantitative understanding of long-
distance strong interactions



CKM Phenomenology, Unitarity Triangle
Why 7

e determine fundamental SM parameters
(Yukawa-matrices Viud . model building)

e CKM phase: the only source of CP-violation?

e Ooverconstraining the unitarity angle
(possible signals for new physics)

‘Jp, qi Im A II"'rucI |I"'ruI::-Jt
4 ~7 I VoV
~ vijCKM td 'tb
uc:d 1ILIIr-':rI::-
1
W -
Vad Vie Ve — %—12 A AN (p —in)
15'.‘_-'.?:[' M= 1"r|:|:.[ 1",;:3 1"r|:ﬁ = —-}l 1-— %a}l.: ..-5!..-:&2
Viae Ve Vi AN —p—in) —AX2 1

Unitarity: VidVr + VeaViy + VigVi, = 0



CKM Phenomenology, Unitarity Triangle
Why 7

e determine fundamental SM parameters
(Yukawa-matrices Viud . model building)

e CKM phase: the only source of CP-violation?

e Ooverconstraining the unitarity angle
(possible signals for new physics)

JH 0 im A Vg Yub
q] -._j "u'rcd UGD vy
~ v, KM d o
] Vea Veb
1L
W Y P .
Vie Vie Vi — Lz A AN (p— i)
15'.‘_-'.?:[' M= 1"r|:|:.[ 1",;:3 1"r|:ﬁ = —-}l 1-— %a}l.: ..-5!..-:&2
Via Vie Vi AL —p—in) —AM2 1
Unitarity: VidVip + VeaVep + ViaV, = 0

Caveat: Yukawa couplings & CKM matrix
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CP Violation

Why i1s CP violation interesting 7

e Standard Model is very predictive: only one CP-violating
parameter (Kobayashi-Maskawa mechanism 1972!).

e Some CP asymmetries (such as acp(Bg — J/4Kg)) are
theoretically very clean (hadronic uncertainties drop out).

e Baryon asymmetry: one needs more sources of CP
violation (not necessarily relevant at low energies).

e Various extensions of the SM offer new sources of CP
violation .



CP violation in the SM

In chiral gauge theories CP is a natural symmetry

1
Loauge = —=Fu FF + ’u’,ﬂi (ia D)1, + ﬂ}L(iﬁ@)ﬂ)R

4
D is the covariant derivative
L violates P Right-handed fermions do not couple to gauge bosons.
L violates C Left-handed antifermions do not couple to gauge bosons.

L preserves CP Both left-handed fermions and right-handed antifermions

couple to gauge bosons.



CP violation in the SM

In chiral gauge theories CP is a natural symmetry

1
Loauge = —7Fuw " + UL (10 D)YL + Y }(ia0) R
D is the covariant derivative
L violates P Right-handed fermions do not couple to gauge bosons.

L violates C Left-handed antifermions do not couple to gauge bosons.

L preserves CP Both left-handed fermions and right-handed antifermions

couple to gauge bosons.

Massless gauge theories are invariant under CP



The weak force breaks C and P maximally

Anti-Myon Neutrino
+1 0
W+
u Anli-d
+2/3 +1/3
| ]
'.|'|:+
\ Anti-Myon MNeutrino
+1 0
W+
u Anti-d
+2/3 +1/3
/ I t I
Myon Anti-Neutnno
-1 0
W
Anti-u d

-2/3 -1/3




The weak force breaks C and P maximally

Anti-Myon Meutrino
+1 0
w-l-
u Anti-d
+2/3 +1/3

Myon Anti-Neutrino
-1 0
w-
Anti-u d
-2/3 ;”3 W boson couples only to left-handed fermions

= and to right-handed anti-fermions



M. C. Escher

Charge Conjugation




SM basics

L] Gauge group GSI‘»’[ = S'U(Bjc X S'U(Q}L X L‘T(l)y



SM basics

e Gauge group Gsm = SU(3)c x SU(2), x U(1)y
e Fermion representations

Q1:(3,2) 4156, Upi(3,1)42/3, Dgi(3,1)_ 153, L1, (1,2) 152, Eg;(1,1)_y

Notation: left-handed quarks, Q1. SU(3)¢, doublets of SU(2);, and carry hypercharge Y = +1/6

I interaction eigenstates



SM basics

e Gauge group Gsm = SU(3)c x SU(2), x U(1)y
e Fermion representations

Q1:(3,2) 1160 Upi(3,1) 4273, Dpi(3,1) 173, Li;(1,2) 12, Epi(1,1)4

Notation: left-handed quarks, Q1. SU(3)¢, doublets of SU(2);, and carry hypercharge Y = +1/6

I interaction eigenstates

1 =1, 2.3 Hlavor index

e Spontaneous symmetry breaking

. | 0
‘;’t‘(lﬂ 2)4—1}2 qﬁﬂ)> — ( ,;f') GGapyg — SU(B){: X U(I)EM
2

. Z . i
Lomee(QL) = 1QLVu (E}FL i 595(}*{; Aa + Egﬂ’f o+ =9 B#) Qi

CP conserving



o Ll = Yij QLi#DR; + Y5 QLioUp; +hic.

J J

CP violating if and only if Im {det[YY*! Yy} # 0.
Jarlskog 1985
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Yukawa couplings only source of flavour violation in SM

e Quark Yukawa couplings break the quark flavour symmetry

down to baryon number conservation

Gk (Yl =0) = UB)gxUB)p xU3)y — G™F = U(1) 5
e Two physically equivalent sets of quark Yukawa couplings

(YY) & (Y?1=ViY*V;, Y =V]Y*V;) V unitary matrices

e Number of physical parameters in quark Yukawa couplings

(18 x2) — (9 x 3) +1=10



'Complex phase in CKM matrix related to CP violation’
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'Complex phase in CKM matrix related to CP violation’

o —ﬁif — {f'bird)ijDEin'%j + (‘Mu)ijygi{;ﬁj +hee. qu - %Yq

Re(¢?) — (v + H®)/V2

e Diagonalization of mass matrices by unitary matrices V,z and Vg

Vo M L’jﬂ = Mdmg qri = (Vql-jiqu-jv qri = (L;R)iquif%j (¢ =u,d)

. EH t — %HLE - (T' u,LT' L—._PLLJ d-_[._jl-{:{f_F + h.c.

7 S PO Fd | _
V CHKM — ! uLT" dL 1 (LE‘-HPVIVCHM - 1)

e [

q

— o e "_ ’ ) d.'
Var = Py Vo, Var = Py Vyr M™% unchanged

(ﬁq = u,d) diagonal unitary (phase) matrices.



'Complex phase in CKM matrix related to CP violation’

—L%; = (M), DL, Db + (M), ULUL +he. M, = %yq

Re(¢?) — (v + H®)/V2

Diagonalization of mass matrices by unitary matrices V,; and Vg

Vo M L’jﬂ = Mdmg qri = (Vql-jiqu-jv qri = (L;R)iquif%j (¢ =u,d)

Ly = ST (Vir Vil )iy dis W +he
Vern = Ve Vil s (VeruVeku = 1)
P, (xq — u,d) diagonal unitary (phase) matrices.

— o e "_ ’ ) d.'
Var = Py Vo, Var = Py Vyr M™% unchanged

Physical parameters:
6 quark masses + (9 CKM parameters —5 relative phases) = 10






Nalve argument:

e The charge current interaction Lagrangian in mass eigenstate basis

b 95 s -
f:aur_p = Ur,; .F#L*.ij dLjI’I’# -+ v—lid_,[j ;#Li;j-i'_i-_ﬂ.jv{# .

=
V2



Nalve argument:

e The charge current interaction Lagrangian in mass eigenstate basis

g _ . .
f:aur_p = U'Liﬁ.l"# L’*.ij dLjI’I’ n +

V2

e A representation of CP is given via

=

V2

7 Fak r—
dLj"‘,r"uLi;J-uLjﬂf# .

Wi CBWo iy SRy
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Nalve argument:

e The charge current interaction Lagrangian in mass eigenstate basis

g _ . .
f:aur_p = U'Liﬁ.l"# L’*.ij dLjI’I’ n +

V2

e A representation of CP is given via

=

V2

7 Fak r—
dLj"‘,r"uLi;J-uLjﬂf# .

Wi CBWo iy SRy

C-'P g 7 Ea F— g — -~ T -
— ﬁuq_ = _d_[..jﬁlr"#-i“ij HLE'H’# —+ —=uy,; Ir‘“'h* dLjv[‘# .

V2 V2 ""

o Lyy+ # ﬁﬁﬂ if V' is complex 777

Argument more involved (not all phases in CKM matrix are physical)!



Physically quantities must be invariant under a rephasing of the fields
e Rephasing invariants:
1. Moduli of CKM matrix elements | V,; |2.
2. Quartets: Q,i5; = ViV, WV;;
3. Invariants of higher order may in general

be written as functions of 1 and 2:

r r r r 9 1 IE-'
Example: VoV ViV Vi Vai = QTJQ?

(singular cases if some elements vanish )



e The most general CP transformation which leaves invariant all terms

of the Lagrangian, except Ly-+, is given by

Ucpta (t, 7)UL, = eéar0Cal (t, —7),
Ucpii(t, 7)ULp = —e~ gl (t, —7)C 14,
Ucpdy(t, 7)UL, = eékqy0CdL (t, —7)
Ucpdy(t, 7)ULp = —e~%kdl (t, —7)C 142,

UcpWTH(t, }UTP = — e EWIW (L, —7).
e The CP invariance of Ly-+ constrains Vo to satisty

If’;ck — Ei(‘EW'-I—EF: E-:rj ok s ImQaz'ﬂj — III] (I{H 3 :_-T; ?,.-;‘C;) — []



e The most general CP transformation which leaves invariant all terms

s given by

[e—p

of the Lagrangian, except L+,

Ucpua(t, 7)ULp = efar0Cul(t, —7),
Ucplia(t, 7 }UéP = —e %agl(t, -7 )C14Y,
Ucpdy(t, 7)ULp = eékq0CdL (t, —7),
Ucpdy(t, 7)ULp = —e~kdl (t, —7) 0140,
UcpWH (6, 7 ULy = —e SWW - (t, -7

e The CP invariance of Ly-+ constrains Vg s to satisty

ik

Vzkk — Ei(fﬁf-FEk—Ecr]Vﬂkj ImQaz,ﬁj = Im (Vﬂivﬁj V# Vﬁ‘;} — ().

e The CP invariance requires that all rephasing invariant combinations
of CKM matrix elements be real!

(parametrization-independent criterium)



e Parametrization-independent CP violating quantity in Vo

3
Imm.kaiﬂ?vﬁ}] = Jokm Z €ikm€iln (¢,7,k,1=1,2,3)
m,n=1

Jarlskog parameter

All | Im@;5; | are equal (use unitarity relations)

Joren ~ XN A%n = 0(107°)



Jarlskog Criterion in Weak Interaction Basis

e Start with Lagrangian in its initial form in the weak basis.

All gauge currents are diagonal and real

e Consider the most general CP transformation which leaves invariant

the part of the Lagrangian containing the gauge interactions.

e Check whether the CP transformations thus defined implies any

restrictions on the remaining of the Lagrangian.

= Restrictions on £, ..



Jarlskog Criterion in Weak Interaction Basis

e Start with Lagrangian in its initial form in the weak basis.

All gauge currents are diagonal and real

e Consider the most general CP transformation which leaves invariant

the part of the Lagrangian containing the gauge interactions.

e Check whether the CP transformations thus defined implies any
restrictions on the remaining of the Lagrangian.
= Restrictions on £, ..
e CP violation arises as a clash between the CP properties of the gauge

interactions and the mass terms. r r
gauge “ mass

e Condition for CP wviolation in the quark sector of the SM:

Jor &mi&mi&mi&m%&mij 7§ 0, &mfj = mf — m? Jarlskog 1985



e Requirements on the SM to violate CP:
(a) within each quark sector, no mass degeneracy allowed

(b) none of the three mixing angles should be zero or & (Jogy ~ A)

(c) the physical phase should not be 0 or .

e Parametrizations of the CKM matrix

Ld PLS ;b
Veokwu = ed Ves Ve

T T T

td ts th



e Requirements on the SM to violate CP:

(a) within each quark sector, no mass degeneracy allowed

(b) none of the three mixing angles should be zero or & (Jogy ~ A)

(c) the physical phase should not be 0 or .

e Parametrizations of the CKM matrix

Standard parametrization:

—d
C12C3 S12C 3 Sige™"

_ %) 5
Verm = | —512093 — C12523513€"  —C19C93 — 512593513 S93C' 3
S12593 — C12C93.513€™ Ci2S03 — S12C93513€"?  Co3Cls

where Cy; = cos ., Sj; =snby; (i = 1.2,3) and 4 1s the phase necessary for CF violation.

i and S;; can all be choose to be positive and 4 may vary in the range 0 < 4 < 2.



e Hierarchy of charged current processes

d

b

NS

A

"

u

t

O(1)
Arh Aoy 010"
0(10%)
0107

SM flavour problem

S19=0.22 3 S93 = O(1072) > S13 = O(1073)



e Hierarchy of charged current processes SM flavour problem

d u
%’”‘]@t (1)
N kY e A_rh AN 0(10")
] L
0(107)
D(l[]"“']
b t

S19=0.22 3 S93 = O(1072) > S13 = O(1073)

e The Wolfenstein parametrization reflects hierarchy manifestly

S12 = A =0.22; Sy = AN Spae=1s = AX3(p — in)

[ 1- LN A AN(p—in)
Vekm = A — A2 AN + O\

\ AN} (p—in) —AN 1



e Hierarchy in unitarity relations

VidV,e + ViV + ViaVis = 0,
s e S N’
O(A) O(A) O(A%)

Vus ::b +  Ves ?ECr + ts ?E; = 0,
S S S’
O(A%) O(A?) O(A2)

wdVap + VedV, + taVy, — =0.
S—— S—

(p+in) AA3 —AMN3 (1—p—in)AA3



e Hierarchy in unitarity relations

VidV,e + ViV + ViaVis = 0,
s e S N’

O(A) O(A) O(A%)

v;w ::b + I”:::.'5 ?ECr + Es ?E; — []3
S S S’

O(A%) O(A?) O(A2)
VdVey + VedVi + ViaVi, = 0.
S— S—— S—
(p+in) AA3 —AMN3 (1—p—in)AA3

e The angles a, (3, v are rephasing invariants:

Vi
i o= arg(— ) = arg(—Quua),
V,qV
Im }|+—— ud *yh
Ved Vb R VeaV
vtd Jb _ 3= arg(—,—I;) = G'T‘Q'(—thcd)a
cd ' ch rtdbrtﬁ
d
Y p . v= arg(———2) = arg(—Qpud)-

o —
= r r
VeaV,



Addendum CKM Matrix N quark families

e In general, a unitary N x N matrix have N? parameters.
e Redefinition of quark fields: (2N — 1) arbitrary phases

i i0 05— i
u; — ey, di — ed;, Vi — elifi=oV .
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Addendum CKM Matrix N quark families

e In general, a unitary N x N matrix have N? parameters.
e Redefinition of quark fields: (2N — 1) arbitrary phases
u; — Eﬁ‘ﬁiui, d; — Eiajdj, Vi, — Eﬁﬂj_éi)ﬁ-'

j‘i

e Physical parameters of Vogear: N° — (2N —1) = (N —1)?

1 1
EN(N — 1) are Euler angles and E(\f — 1)(N — 2) are phases.

e No CP violation possible with two families! (1 angle, 0 phases)

Cabbibo matrix (1963)
cosfl, siné,

Ve = ( —sinf,. cos#, )
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Another argument for third quark family

e So-called anomalies break (vital) symmetries of the classical Lagrangean
at the quantum level.

e Theoretical consistency of the SM requires that such anomalies do not
OCCULT.

e Necessary condition for the cancellation of possible anomalies is the

fact that the number of lepton families has to be equal to the number
of quark families

e Example:

The electric charge of all (!) fermions within one family has to be zero:
QU i) = (—1) x e
Q(ui) = 3 x (+2/3) x [e] = +2Je|

Q(d:) =3 x (=1/3) x [e| = —1]e



e However:

The 7 lepton - as first evidence for the third lepton family - was found
1975 by Martin Perl (SLAC) after (!) the KM paper. (Nobelprize for
Perl 1995)






