PSI Summer School

Particle Flavour Ij,eer

Lyceum Alpinum, Zuoz, August 12-18, 2018




2018 PSI Summer School — Particle Flavour Fever (Zuoz, Switzerland, 12-18 August 2018)

FlaV()I' PhySICS ln the Matthias Neubert

' PRISMA Cluster of Excellence

Standard M()del and Beyond | ]oh»annes Gutenberg University Mainz
o l:p @ PRISMA J6lu

nnnnnnnnnnnnnnnnnnn



Quark flavor physics

Lecture I: Concepts of Quark Flavor Physics

* Introduction and motivation
* Yukawa couplings, CKM matrix, unitarity triangle (UT)
* Neutral meson mixing, some UT determinations

« CP violation in the interference of mixing and decay
Lecture ll: Effective Weak Hamiltonians

Lecture lll: Connecting UV Physics to Experiments



Lecture I: Concepts of Quark Flavor Physics



Flavor physics as an indirect BSM probe

The hierarchy problem (mechanism of EWSB) and the origin of
flavor are two big mysteries of fundamental physics; connect to
several deep questions:

- Origin of mass of elementary particles?
- Stability of the electroweak scale?
- Matter-antimatter asymmetry in the Universe?

- Origin of fermion generations and the hierarchies in the
spectrum of fermion masses and mixing angles?

In the SM, flavor physics is connected to EWSB via the Higgs
Yukawa interactions

Higgs and flavor physics provide unique opportunities to probe
the structure of electroweak interactions at the quantum level!



Flavor physics

e What is “flavor™? (‘2 (2) (2)
e Generations: triplication of charm top
fermion spectrum without
obvious necessity %
e Dynamical explanation of flavor? % %
e Equally mysterious as dynamics () ()
of electroweak symmetry o a) -

breaking

e« Connection between
two phenomena?

Z n? strange bottom




Flavor physics

e Hierarchies in fermion mass spectrum:

Masses of quarks and leptons
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o Likewise, hierarchies in quark mixings




Flavor physics

e Flavor physics studies communication between
different generations

« Standard Model: present only in charged-current
interactions ,

(d,s;,b)). ,,’/

w (u,,c,t));

Cabibbo-Kobayashi-Maskawa
matrix elements




Yukawa couplings and CKM matrix



Yukawa couplings
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SM Lagrangian is (almost) invariant under a huge global flavor
symmetry [U(3)]5,

U(S)QL ® U(S)UR ® U(S)dR ® U(S)LL ® U(3)6R
which is broken only by the Yukawa interactions



Yukawa couplings

e Most general, gauge invariant and renormalizable
interactions of Higgs and matter fields:
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Yukawa couplings
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e Yukawa couplings:

Ly =—e- YOI LI —d, V7ol @) —al, V7 &' Q) + hec.

Y: 1 -1/2-1/2  1/3  -1/2+1/6 -2/3 +1/2 +1/6
« Y,YyY,: arbitrary complex 3x3 matrices

o Electroweak symmetry breaking: <¢,% =v/v2



Yukawa couplings

e Gauge principle allows arbitrary generation-
changing interactions, since fermions of different
generations have equal gauge charges!

o Usually such couplings are eliminated by field
redefinitions:

wi — Uij lpj
unitary (i.e., probability preserving) “rotation” in
generation space



Yukawa couplings

e Diagonalize Yukawa matrices using biunitary

transformations, e.g.:
ve 0 O

Yo=W AU A=]0 4, 0

0 0 v
e Then perform field redefinitions:

e, >U.e, eg—= W, e

u —U,u , u,—= W, u,

d —Usd , dg—W,dg

e This diagonalizes the mass terms, giving masses

m, =y, (v/V2) to all fermions



CKM matrix

o Effect of field redefinitions on weak interactions
in the mass basis (QCD and QED invariant)

e Charged currents:

dr,
Loo= LWr(ay, e, t) vV | sp | +he;  V=UIU,
v2 b
L

- generation changing couplings proportional to V;;:

d'—=ul+W oV, u'—dJ+ W ooV,

(Cabibbo-Kobayashi-Maskawa matrix)
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CKM matrix

 Neutral currents:

Cnc — 92 Z" Z [fLU}

cos By
f

1 — :
(TJ‘;3 —5 s _ Q; sin” 9W> Usfr

SiIl2 9‘4/) VVf R

7

cancel each other

- no generation-changing interactions!
(at level of elementary vertices)

- GIM mechanism (Glashow-Iliopoulos-Maiani, 1970)
- led to prediction of charm quark (K-K mixing)

o Likewise, Higgs couplings are flavor-diagonal in
the fermion mass basis (only in SM)
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CKM matrix

o For yet unknown reasons, the quark mixing
matrix is strongly hierarchical

o This yields to the suppression of flavor-changing
processes in the SM

Vud Vus Vub
Vekm = Vea Ves Ve

V;fd Vis th

0.22492 4+ 0.00050 0.97351 £ 0.00013  0.0411 £ 0.0013

0.9743470-00015  0.22506 & 0.00050 0.00357 4 0.00015
[Verkm| =
0.00875 000035 0.0403 £ 0.0013  0.99915 £ 0.00005
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CKM matrix

o Unitary 3x3 matrix V can by parameterized by
3 Euler angles und 6 phases

e Not all phases are observable, since under phase
redefinitions g—e'v«q of the quark fields:

e 00 ei?s 00 |
V — 0 e % 0 VIl 0 €% 0 |, Vij — e!(Pa=eu) Vij
0 0 e—‘iC,Ot 0 0 e‘i@b

e 5 of 6 phases can be eliminated by suitable
choices of phase differences!
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CKM matrix

 Remaining phase o, 1s source of all CP-violating
effects in Standard Model (assuming 6,=0)

- weak interactions couple to left-handed fermions and
right-handed antifermions

- violate P and C maximally, but

would be invariant under CP and T ( &
if all weak couplings were real 5‘ 'C

- physical phase of CKM matrix
breaks CP invariance

e Allows for an absolute distinction between matter
and antimatter!
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CKM matrix

516 BANG scae
A MMETRY i % g
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. and we still do not understand this difference!
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CKM matrix

o CP violation required to explain the different
abundances of matter and antimatter in the
universe (baryogenesis)

e CP violation in quark sector requires N=3 fermion
generations

e Model for explanation of CP violation led to

prediction of the third generation!
Kobayashi, Maskawa (1973)
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CKM matrix

e Form of V not unique (phase conventions)

e Several parameterizations used; a very useful one
is due to Wolfenstein (1983):

Via Ve Vi - A AN (p —in)
V= Vi Ve Vo | = -\ -5 AN +O(X)
Via Vie Vi AN(1 — p—in) —AN 1

e Hierarchical structure in A=0.22
e Remaining parameters O(1)
o Complex entries O(A\3)
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CKM matrix

e Jarlskog determinant:
for arbitrary choice of i1,j,k,l the quantity

|m(V11Vleil*ka) =J D Eikm €iln_

is an invariant of the CKM matrix (independent of
phase conventions)

e CP invariance is broken if and only if J=0
 Wolfenstein parameterization:

J=0(\%) =0O(104) rather small

o From data: J = (3.0470-55) x 1073
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Unitarity triangle

e Unitarity relation VI V=V VT =1 implies:
ij* Vlk = 6ik and Vij* Vkl = 6ik

e For izk this gives 6 triangle relations, in which a
sum of 3 complex numbers adds up to zero:

Vo area = J/2

vti* Vtk
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Unitarity triangle

e Phase redefinitions turn triangles

e For two triangles, all sides are of same order in A;
the unitarity triangle is:

Vb Vg * Vb Ved + Vip Vig =0 |

e Graphical representation: o
P,N

@7

ViV

(0,0) (1,0)
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2012 knowledge of the unitarity triangle
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Present knowledge of the unitarity triangle
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Present knowledge of the unitarity triangle

excluded area has CL> 0.95 :
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Oscillations of neutral mesons

e Neutral mesons can be transformed into their
antiparticles by second-order weak processes

e Analogy with quantum-mechanical system of
coupled pendulums: state B® at t=0 develops into
a superposition of states BY and B? with time-
oscillating amplitudes
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Oscillations of neutral mesons

» B-factories produce pairs of B® and B® mesons in
coherent quantum states

e Decay of one meson (with reconstruction of its
flavor) initiates time measurement for the other
meson

25



Quantum-mechanical treatment

(neglect exponential decay for simplicity)

« Schrodinger equation for B° and BO:

d [ B° \/ 1—2i8 A 7o mass eigenvaluAes:
i— =1, 23 3¢ | m ap M. - M Am
dt \ B sePAm M B 2

5€

e Non-diagonal entry due to box diagram:

d
- O B’ o« (VipViq ) x e
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Quantum-mechanical treatment

(neglect exponential decay for simplicity)

« Schrodinger equation for B° and BO:
e y L 2isp B0 mass eigenvaluAes
i— (2 ) ={, .0 2 U7 ) Me=M+==
dt \ BY se*9 Am M B° 2

e Non-diagonal entry due to box diagram:

d
- O B’ o« (VipViq ) x e

. Time evolution of an initial (at t=0) B° state:

(1)) = e M1 {(Ob( Amt) |B) + ie*” sin(:Amt) | B)
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Oscillations of neutral mesons

N(B°BY)(At) — (N(B"BY)(At) + N(B'BY)(At))
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Determination of |Vid| from Am

e Master formula:

M2, . m? 1 L )
Am = % Vi Vil So (ﬁ) nqcp —— (B| (db)y—a(db)y_4|B’)
Pl LA S t
=
turbative QCD  _ > 9
So(x;) ~ 0.784 207 percl:)rrch];/iiS =3 Bpfgmp

(from lattice QCD)

» Discovery of B-B mixing (ARGUS experiment, 1987)
pointed to a very heavy top quark!
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Determination of |Vid| from Am
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mixing frequencies
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Determination of Im(Vi42) from kaon mixing

p

31
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- Determination of Im(V,4?)
from CP violation in K%-K?°
mixing

- Large hadronic uncertain-
ties (lattice QCD)
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Determination of |Vuo| from semileptonic decays

1.5 T T 1 T T 1 ' T T T la [T rrrr o
excludzd area has CL > 0.95 . % .
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L Y ”gq i
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- Determination of |V |
in inclusive and
exclusive semileptonic
B decays
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A more subtle guantum-mechanical effect:

Interference of mixing and decay in neutral B-meson
decays into CP-eigenstates

Time-dependent CP asymmetry provides direct
access to angles of the unitarity triangle

To see how this works, use our previous result for the
time dependence of an initial B state (at t=0)




CP violation in interference of mixing and decay

« Time evolution of an initial (at t=0) BO state:

[)(t)) = e ™M cos(2Amt) | B) + ie* sin($Amt) |B0>}

 Consider decay of a CP eigenstate f,
with decay amplitudes A for B°—f
and A for B'—f

 Amplitude for this decay at time t>0:

Apo(t) = e=™M | Acos(2Amt) + i A e sin(%Amt)}




CP violation in interference of mixing and decay

e Time dependence of decay rate:

o o Amt — o . o Amt T 28\ -
Tgo_ ¢(t) o |A|* cos® + | AJ? sin® 5~ Im(A*A e*7) sin Amt

4

x 1+ A A cos Amt — m )

AR+ AR A]? 1 AP

sin Amt

 Rate for CP-conjugate process B'—f given by same
expression with A<=A and f—-f3




CP violation in interference of mixing and decay

e Time-dependent CP asymmetry:

I'go_+(f) = L'go_ (%
o (1) Bo—(t) = C cos(Amt) — Ssin(Amt)
Fgoﬁ.f(f) ‘f‘FBOﬁ:f(t) /‘ \

il v
AP — AP 2Im(A* A e%P)

A2 +]AJ2 |AJ]2 + A2
(direct CP asymmetry)

Acp(t) =

» Special case: decay amplitude dominated by a
single partial amplitude with weak phase ¢,

—= ¢c=0 and S=sin[2(B-p,)] I




CP violation in interference of mixing and decay

‘o

e Allows determination of a weak phase (almost)
free of hadronic uncertainties!

e 2 possibilities in SM:

¢,=0 = S=sin(2p)| (e.g. B=J/yKe, ¢K)

Qp = -y = S=sin[2(B+v)] = -sin(2a) | (e.g. B—mm,pp)

« Comparing sin2f values extracted from tree-
dominated vs. loop-dominated processes is a
sensitive probe for New Physics




CP violation in interference of mixing and decay

e “Golden” decay o CP asymmetry S(f)=sin2p
B—J/y K;: determines CP-violating
c phase p without knowledge
b J/yp of decay amplitude!

BO s e Theoretical uncertainty
K only ~1%
d > e Very precise measurement

of an angle of the unitarity
o Amplitude is real to very triangle:

good approximation, ¢,= 0
‘ sin203=0.691+0.020 '
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A very precise constraint on the unitarity triangle
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sin2[3 from tree- and loop-dominated processes

sin(2p") = sin(2¢;") XY

PRELIMINARY
b—sces Worid Averagé | H 068+ é).oz tree dominated
o K Aveéage * 0.74 -+8 i3 b
n'K Aver?age —k— 0.59 = é).O?
Ks Kg Kg Aver;age = e 072 + (;).19
° K Aveéage * 0.57 = 91 7
PKs  Avelage  ——— 1 osaig } loop dominated
0Ks  Avetage s ——F | o4s-02e
fo K Aven?age A 0.69 :'8 15
K‘IE_<K' K® Aver%age * 0.68 1%
i | Aveéage | | N ~ 0.68= C;).o7 P
-0.2 0 0.2 0.4 0.6 0.8 1

No hint for New Physics (yet) !
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