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Outline of the Lectures

@ Flavor Physics in the Standard Model

o Flavor Symmetry and Flavor Symmetry Breaking
o The CKM Matrix

o Meson Mixing and CP Asymmetries

o The Standard Model Flavor Puzzle
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Outline of the Lectures

@ Flavor Physics in the Standard Model

o Flavor Symmetry and Flavor Symmetry Breaking
o The CKM Matrix

o Meson Mixing and CP Asymmetries

o The Standard Model Flavor Puzzle

@ Flavor Physics Beyond the Standard Model

o The New Physics Flavor Puzzle
o Flavor in BSM Models

o Flavor Anomalies
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Part 1

Flavor Physics
in the Standard Model
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The Standard Model of Particle Physics

particlefever.com



What distinguishes the
three generations/flavors of
quarks and leptons?



Enter Higgs
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The Standard Model Lagrangian

Ly ~ AN+ N2H? + \H

+ WPV + (D,H)? + (Fu)

— 1
+ YHOWY + R(LH)z + -
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The Standard Model Lagrangian

Higgs potential

+Wpw + (D,H)® + (Fu)?

- 1
+ Y HUw 4 K(LH)2 + -
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The Standard Model Lagrangian

kinetic terms
Lsyw ~ N + NH + \H*

@ + (DMH)z + (Ftw)z

- 1
+ Y HVY + K(LH)2 + -
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The Standard Model Lagrangian

Lsy ~ AN+ N2H? + \H

+Wpw + (D,H)® + (Fu)?

|

Yukawa
couplings

Wolfgang Altmannshofer Flavor Physics 1 September 19, 2016 8/42



The Standard Model Lagrangian

Lsy ~ AN+ N2H? + \H

+Wpw + (D,H)® + (Fu)?

+ Y HUw +

neutrino masses
(see lecture by Walter Winter)
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The Fermion Gauge Quantum Numbers
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Flavor Symmetry of the Gauge Interactions

3 3 3
\TJQ\U = Z Q/DQ] + Z uDu; + Z E!,;Dd,
i=1 i=1 i=1

3 3
+Z Z,’DL,’ + Z é,-lDe,-
=1 =1

gauge interactions are flavor universal
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Flavor Symmetry of the Gauge Interactions

3 3 3
\TJQ\U = Z @,’lDQ/ + Z uDu; + Z E!,Dd,
i=1 i=1 i=1

3 3
+Z Z,’DL,’ + Z é,-lDe,-
i=1 i=1

gauge interactions are flavor universal

this part of the SM Lagrangian has a large U(3)° flavor symmetry
Q—-VoQ, u—=Vwu, d—=Vgd, L=>VL, e— Vee
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Flavor Symmetry of the Gauge Interactions

The U(3)? flavor symmetry can be decomposed
in the following way

U(3)5 =
UM x U1)x Uy x U(1)p x U(1)e
xSU(83)q x SU(3)y x SU(3)p x SU(3),. x SU(3)e
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Flavor Symmetry of the Gauge Interactions

The U(3)? flavor symmetry can be decomposed
in the following way

U(3)5 =
UM x U1)x Uy x U(1)p x U(1)e
xSU(83)q x SU(3)y x SU(3)p x SU(3),. x SU(3)e

baryon number, lepton number, hypercharge
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Flavor Symmetry of the Gauge Interactions

The U(3)? flavor symmetry can be decomposed
in the following way

U(3)5 =
UM x U1)x Uy x U(1)p x U(1)e
xSU(83)q x SU(3)y x SU(3)p x SU(3),. x SU(3)e

baryon number, lepton number, hypercharge

RH down-quark number, RH lepton number
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Flavor Symmetry of the Gauge Interactions

The U(3)? flavor symmetry can be decomposed
in the following way

U(3)5 =
UM x U1)x Uy x U(1)p x U(1)e
xSU(83)q x SU(3)y x SU(3)p x SU(3),. x SU(3)e

baryon number, lepton number, hypercharge
RH down-quark number, RH lepton number

flavor mixing
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Flavor Symmetry Breaking

the flavor symmetry is explicitly broken by the Yukawa couplings

Y HOW = > (V)HoQu + > (Ya)jHQid + Y (Ve);HLie; + h.c.
ij ij ij
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Flavor Symmetry Breaking

the flavor symmetry is explicitly broken by the Yukawa couplings

Y HOW = > (V)HoQu + > (Ya)jHQid + Y (Ve);HLie; + h.c.
ij ij ij

this part of the Lagrangian is only invariant under

U(1)B X U(1)L X U(1)y
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Flavor Symmetry Breaking

the flavor symmetry is explicitly broken by the Yukawa couplings

Y HUW = Z W)iHC O,u,+z Y4)iHQid; +Z (Yo);HLie; + h.c.
i i i

this part of the Lagrangian is only invariant under

U(1)B X U(1)L X U(1)y

after electro-weak symmetry breaking we get fermion masses

— > (my)ttul +Y (Mg)gardf + > (in)erefl + he.
if ij if
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Going to Mass Eigenstates

Yukawa couplings and fermion masses are generic 3 x 3 matrices
(not necessarily symmetric, hermitian, ...)

otmuuf + dtmgd® + hee.
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Going to Mass Eigenstates

Yukawa couplings and fermion masses are generic 3 x 3 matrices
(not necessarily symmetric, hermitian, ...)

otmuuf + dtmgd® + hee.

mass matrices for the fermions can be diagonalized by
bi-unitary transformations

ut— Vit WS VAR dt— Vgt df - VidR
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Going to Mass Eigenstates

Yukawa couplings and fermion masses are generic 3 x 3 matrices
(not necessarily symmetric, hermitian, ...)
otmuuf + dtmgd® + hee.

mass matrices for the fermions can be diagonalized by
bi-unitary transformations

ut— Vit WS VAR dt— Vgt df - VidR

(Vi)' (Mu)(V) = diag(mu, me, my)

(V) (Ma) (V) = diag(mq, ms, ms)

VE, VE, VL, and V1 are unitary matrices
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Going to Mass Eigenstates

Yukawa couplings and fermion masses are generic 3 x 3 matrices
(not necessarily symmetric, hermitian, ...)

otmuuf + dtmgd® + hee.

mass matrices for the fermions can be diagonalized by
bi-unitary transformations

ut = vidE L RS vRUR ) bt = VEdh ) df = VAR
(Vi)' (Mu)(V) = diag(mu, me, my)
(V) (Mg)(Vg') = diag(my, ms, my)
VE, VE, VL, and V1 are unitary matrices

[Exercise: show that any matrix can be diagonalized
by a bi-unitary transformation]
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The CKM Matrix

What happens to the gauge interactions in the mass eigenstate basis?
Lets start with the interactions of the W boson

\U!D\U D) 52—( iL’)’MdiLW:'i‘aiL'}/HU/LW;)
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The CKM Matrix

What happens to the gauge interactions in the mass eigenstate basis?
Lets start with the interactions of the W boson

\U!D\U D) 52—( iL’)’MdiLW:'i‘aiL'}/HU/LW;)

g2 Lop AL w3l Ly~
= T (ValTrdf W) + Vi@ W,

V= (Vhi(vE) s the Cabibbo-Kobayashi-Maskawa matrix
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The CKM Matrix

What happens to the gauge interactions in the mass eigenstate basis?
Lets start with the interactions of the W boson

\U!D\U D) 52—( iL’)/MdiLW:'i‘aiL'}/HU/LW#_)
= g—f(vk/(ukwqﬁ W) + Vi(diruiw,))
V= (Vhi(vE) s the Cabibbo-Kobayashi-Maskawa matrix

The CKM matrix is unitary (product of 2 unitary matrices)
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No Flavor Changing Neutral Currents at Tree Level

Lets look at the couplings of the photon

Vpw > %e(&,‘y”uf + Dﬁy”uﬁ)Au — %e(ff}v”df + C_J',-R’y”d,-ﬁ)Au
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No Flavor Changing Neutral Currents at Tree Level

Lets look at the couplings of the photon

Vpw > %e(&ﬁ”uf + Dﬁy”uﬁ)AM — %e(ff}v”df + C_J',-R’y”d,-ﬁ)Au

2 * - * =
— Se((VI(Vom(@y* ub) + (V) (V@ v ufl) ) A

1 * p * p
—50((VE)i (Vi@ o) + (V)i (V) v df) ) A
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No Flavor Changing Neutral Currents at Tree Level

Lets look at the couplings of the photon

Vpw > %e(&ﬁ”uf + Dﬁy”uﬁ)AM — %e(ff}v”df + C_J',-R’y”d,-ﬁ)Au

2

— Se((VI(Vom(@y* ub) + (V) (V@ v ufl) ) A

1 * p * p
—50((VE)i (Vi@ o) + (V)i (V) v df) ) A

= 2ottt it + T YA — Yol dt + g P
_ge(u,'y Ut + 0Pyl )AH §e(d,7 T )AH
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No Flavor Changing Neutral Currents at Tree Level

Lets look at the couplings of the photon
7 2 (b it + P U A — Yol gt dt + gPargh
\UPWD se(uI’Y up + Uiy UI>A;L se(d/'Y di +d" " d; )Au

2

= 5e((VOI(Vom(@* ub) + (VI (V)@ ul)) A

1 * p * p
—50((VE)i (Vi@ o) + (V)i (V) v df) ) A

= 2ottt it + T YA — Yol dt + g P
_ge(u,'y ub + Pyl )AH §e(d,y dF + dfiytd! )AM

Completely analogous for gluon and Z couplings
[Exercise: show that also the couplings of the Higgs are flavor diagonal]

— There are no Flavor Changing Neutral Currents (FCNCs) in the
Standard Model at tree level
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Flavor Transitions among Quark

Ff
® ¢

T ¥
®@ O

no FCNCs at tree level
. .‘

»
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Flavor Transitions among Quark

no FCNCs at tree level

transitions among the
generations are mediated by
the W* bosons and their
relative strength is
parametrized by the

CKM matrix
Vud Vus Vub
V= Vcd Vcs Vcb
Vie Vis
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Flavor Transitions among Quark

no FCNCs at tree level

transitions among the
generations are mediated by
the W* bosons and their
relative strength is
parametrized by the

CKM matrix
Vud Vus Vub
V= Vcd Vcs Vcb
R Vie Vis
Y » \\‘\\ . .
.<_> @ note that without the Higgs
V=1

Wolfgang Altmannshofer Flavor Physics 1 September 19, 2016 16/42



Flavor Changing Neutral Currents at Loop Level
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Flavor Changing Neutral Currents at Loop Level

FCNCs can arise
at the loop level

they are suppressed
by loop factors

and small CKM elements
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AF = 1 processes

rare B decays: B — Xsv, B — K"t 4=, Bsg — 010, ...
rare Kaon decays: K — nvis, K — méte™, ...
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AF = 1 processes

rare B decays: B — Xsv, B — K"t 4=, Bsg — 010, ...
rare Kaon decays: K — nvis, K — méte™, ...

Example: Bs — utu~

by Vi w
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AF = 1 processes

rare B decays: B — Xsv, B — K"t 4=, Bsg — 010, ...
rare Kaon decays: K — nvis, K — méte™, ...

Example: Bs — utu~

H

>
z A~ GF1g;2 Z Vis VisF(m? / miy)

i=u,c,t
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AF = 1 processes

rare B decays: B — Xsv, B — K"t 4=, Bsg — 010, ...
rare Kaon decays: K — nvis, K — méte™, ...

Example: Bs — utu~

Vip e
% 2, 2
z ANGF16;Z‘Z Vis Vi F(m7 /miy)
i=u,c,t
Vi n

Vis Vie F(m [ miy) + Vs Ve F (M3 / miy) + Viis Vi F(m3 / miy)
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AF = 1 processes

rare B decays: B — Xsv, B — K"t 4=, Bsg — 010, ...
rare Kaon decays: K — nvi, K — mlti™,

Example: Bs — utu~

Vi w

WZW< A~ Gp1gz > Vi VioF(m? /miy)
i=u,c,t

Vis I

Vie Vi F(m?/miy) + Vs Ve F (i / miy) + Viis Vo F (i /miy)

= Vig Vis(F(mi /miy) — F(mg/miy)) + VisVas(F(miy/miy) — F(mg/miy))

Glashow-lliopoulos-Maiani (GIM) mechanism:
FCNC amplitudes in the down-sector vanish for m; = m; = m,
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AF = 1 processes

rare B decays: B — Xsv, B — K"t 4=, Bsg — 010, ...
rare Kaon decays: K — nvi, K — mlti™,

Example: Bs — utu~

Vi w

W5W< A~ Gp1gz > Vi VioF(m? /miy)
i=u,c,t

Vis I

Vis Vie F(m [ miy) + Vs Ve F (M3 / miy) + Viis Vi F(m3 / miy)
= Vs Vi(F(m§ /miyy) — F(m/miy)) + VisVuo(F(m3/miy) — F(m3/miy))
~ Vis Vio(F(mF /miy) — F(0)) = Vs Vi F (m? /miy)

Glashow-lliopoulos-Maiani (GIM) mechanism:
FCNC amplitudes in the down-sector vanish for m; = m; = m,

top loop is often dominant
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AF = 2 processes

meson mixing: example B «+ B;s oscillations

by w St
[ Vib Vis [
‘BO ug,cL e up,cty :Bg\

L Vi Vi \/
\%—«\/\/\/\/\/\»—<J/
SL w bL
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AF = 2 processes

meson mixing: example B «+ B;s oscillations
b w St
(ﬁ’_‘\ r\vfb\/\/\/\é\»——ﬁ\’ \

i i
|
\BO ug,cL e u, et By

Q—! 5\/\/\/\/\/\!>—<A‘ /
SL w b

2
Mio ~ Gy S 7 ViVl Vi VioF (. mf /)

i=u,c,t j=u,c,t

Glashow-lliopoulos-Maiani (GIM) mechanism:
FCNC amplitudes in the down-sector vanish for m; = me = my
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AF = 2 processes

meson mixing: example B «+ B;s oscillations
b w St
h’—“\\//b\/\/\/\;*\”—ﬁ\

. [
5 |

‘Bg; ug,cL up, et ‘Bg‘
| i | |

; \/
VAR N GNP S/
SL w bL

Miz ~ Gg

2
9
2

N Y ViV Vi ViR (i, mE )

i=u,c,t j=u,c,t

— (VisVio)*(F(m /miyy, mE [miy) + F(0,0) — 2F(mf /miy,, 0))

Glashow-lliopoulos-Maiani (GIM) mechanism:
FCNC amplitudes in the down-sector vanish for m; = me = my

top loop is often dominant
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The CKM Matrix

unitary 3 x 3 matrix — 9 free parameters: 3 angles + 6 phases
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The CKM Matrix

unitary 3 x 3 matrix — 9 free parameters: 3 angles + 6 phases

but not all phases are physicall
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The CKM Matrix

unitary 3 x 3 matrix — 9 free parameters: 3 angles + 6 phases
but not all phases are physicall

the quark mass terms are invariant under the transformations

ut — diag(e’™, €2, e™)ut , uf — diag(e"', &2, ) uF

d- — diag(e’, €2, e%)d" |, df — diag(e", ez, &)d”
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The CKM Matrix

unitary 3 x 3 matrix — 9 free parameters: 3 angles + 6 phases
but not all phases are physicall

the quark mass terms are invariant under the transformations
L

ut — diag(e, ez, e°2)ut | uf — diag(e™™, €2, e2)uP

d- — diag(e”?, 2, &%)d" |, df — diag(e”, ez, e2)aR

the CKM matrix transforms as

Vik — Vl,ke—f(a/—ﬂk)
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The CKM Matrix

unitary 3 x 3 matrix — 9 free parameters: 3 angles + 6 phases
but not all phases are physicall

the quark mass terms are invariant under the transformations

ut — diag(e’™, €2, e™)ut , uf — diag(e"', &2, ) uF

d- — diag(e”?, 2, &%)d" |, df — diag(e”, ez, e2)aR

the CKM matrix transforms as

Vik — Vl,ke—f(a/—ﬂk)

5 independent phase differences can be absorbed in this way
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The CKM Matrix

unitary 3 x 3 matrix — 9 free parameters: 3 angles + 6 phases
but not all phases are physical!

the quark mass terms are invariant under the transformations

L

ut — diag(e, ez, e°2)ut | uf — diag(e™™, €2, e2)uP

d- — diag(e”?, 2, &%)d" |, df — diag(e”, ez, e2)aR

the CKM matrix transforms as

Vik — Vl,ke—f(aj—ﬂk)

5 independent phase differences can be absorbed in this way

— CKM matrix is determined by 3 angles and 6-5=1 phase
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Parametrization of the CKM Matrix

Standard Parametrization: product of 3 rotation matrices

Vud Vus Vub
V= Vcd Vcs Vcb

Vie Vis Vo

1 0 0 Ci3 0 5‘1367"(s Ci2 S12 0
=10 Co3 So3 | - 0 . 1 0 - —S12 Cq2 0
0 —sp3 Co3 — 851 36’5 0 C13 0 0 1

sj = sin(6j), ¢; = cos(6j)
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Parametrization of the CKM Matrix

Standard Parametrization: product of 3 rotation matrices

Vud Vus Vub
V= Vcd Vcs Vcb
Vierk Vis Vi
1 0 0 Ci3 0 S1367i(s Ci2 S12 0
=10 Co3 So3 | - 0 N 1 0 - —S12 Cq2 0
0 —S23  Co3 *513610 0 C13 0 0 1
C12C13 ' S12C13 T
= | —S512C23 — C12523513€"°  C12Co3 — 512523513€°  Sp3Ci3
S12S23 — C12C23513€"0  —S23C12 — S12C23513€"°  Co3C13

sj = sin(6j), ¢; = cos(6j)
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Parametrization of the CKM Matrix

Standard Parametrization: product of 3 rotation matrices

Vud Vus Vub
V= Vcd Vcs Vcb
Vierk Vis Vi
1 0 0 Ci3 0 S1367i(s Ci2 S12 0
=10 Co3 So3 | - 0 N 1 0 - —S12 Cq2 0
0 —S23  Co3 *513610 0 C13 0 0 1
C12C13 ' S12C13 T
= | —S512C23 — C12523513€"°  C12Co3 — 512523513€°  Sp3Ci3
S12S23 — C12C23513€"0  —S23C12 — S12C23513€"°  Co3C13

sj = sin(6j), ¢; = cos(6j)

(many equivalent parametrizations possible)
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Parametrization of the CKM Matrix

Wolfenstein Parametrization: introduce the parameters A, A, p, n

Si2=X, S;3=AN | s136° = AN3(p+in)
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Parametrization of the CKM Matrix

Wolfenstein Parametrization: introduce the parameters A, A, p, n

Si2=X, S;3=AN | s136° = AN3(p+in)

measurements show that A ~ 0.2 < 1 is a good expansion parameter

1— 75X A AX3(p — in)
V= Y 1— 75X AN? + 0\
AN(1 —p—in) —AN? 1
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Parametrization of the CKM Matrix

Wolfenstein Parametrization: introduce the parameters A, A, p, n

Si2=X, S;3=AN | s136° = AN3(p+in)

measurements show that A ~ 0.2 < 1 is a good expansion parameter

1— 75X A AX3(p — in)
V= Y — 32 AN? + 0\
AN(1 —p—in) —AN? 1

[Exercise: Demonstrate the above expansion of the CKM matrix]
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Unitarity Triangles

The CKM matrix is unitary — relations between CKM elements

Vid VJb + Vg V;:kb + Vi V;Z =0

three complex numbers adding up to 0
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Unitarity Triangles

The CKM matrix is unitary — relations between CKM elements

Vid VJb + Vg V;b + Vi V;[) =0

three complex numbers adding up to 0

It is convenient to normalize

@) one side to 1
Vud VuI |4 "’:;: — i Vud VJb
ViV PHEI==y v

Vcd V:b

p=p(1+0(3), ij=mn(1+0(?)

(0,0) (1,0)
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The Angles of the Unitarity Triangle

Exercise: Show that

_ Vid Vi o Vcd Vg,
a = Arg (— Vea Vi , B =Arg VaVi A

- Vig Vs,
7= A ( Voa Vs, >
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CP Violation

A non-zero phase in the CKM matrix signals CP violation.
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CP Violation

A non-zero phase in the CKM matrix signals CP violation.

Lets proof this statement starting from the
charged current interaction in the SM Lagrangian

Lsm D % Vigtiy" di W, + % Vigdiy W,
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CP Violation

A non-zero phase in the CKM matrix signals CP violation.

Lets proof this statement starting from the
charged current interaction in the SM Lagrangian

Lsm D % Vigtiy" di W, + % Vigdiy W,

under a CP transformation

g2 g — ., 92,3
— = Vgd Py W+ Z=VELA A W
\/EtdL’YLM \/EtdL'YLM
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CP Violation

A non-zero phase in the CKM matrix signals CP violation.

Lets proof this statement starting from the
charged current interaction in the SM Lagrangian

Lsm D % Vigtiy" di W, + % Vigdiy W,

under a CP transformation

92 TS — 92\ +
— = Vud "y W + ==V5t~"d W
3 e W, + 5 Vgl " W,

This part of the Lagrangian is CP invariant only if Vi = V3,
and analogous for the other CKM elements.
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CP Violation

A non-zero phase in the CKM matrix signals CP violation.

Lets proof this statement starting from the
charged current interaction in the SM Lagrangian

Lsm D % Vigtiy" di W, + % Vigdiy W,

under a CP transformation

92 TS — 92\ +
— = Vud "y W + ==V5t~"d W
3 e W, + 5 Vgl " W,

This part of the Lagrangian is CP invariant only if Vi = V3,
and analogous for the other CKM elements.

CP Violation & V£ V* < 7 #£0
< unitarity triangles do not collapse to a line
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Measuring CKM Parameters

t B B’
R

Only two not accessible Excellent determination (error ~ 0.01 %)
Very good determination (error ~ 0.1%)
at the tree level
Good determination (error ~ 2 %)
Sizable error (5-15 %)
Not competitive with unitarity constraints

need to know meson decay constants and form factors from lattice
— lectures by Andreas Kronfeld
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Neutral Meson Mixing

There are 4 neutral meson anti-meson systems in nature

Bs — Bs mixing  bs < bs
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Neutral Meson Mixing

There are 4 neutral meson anti-meson systems in nature

Bs — Bs mixing  bs < bs

By — By mixing  bd > bd
K° — K° mixing sd <« 3d

D° — D° mixing ¢l < Cu

By and Bg mixing allow to access the CKM elements Viy and Vi,
b, w St

/ﬁ>—0’\/\/\/\/\/\!b—>ﬁ\
[ Vi [

_ .
BY wucty u, et BY
| |

| |
\ /

L) Vi Vip \
~;4—“\/\/\/\/\/\”—4A/

SL w bL
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Time Evolution of Neutral Meson Systems
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Time Evolution of Neutral Meson Systems

(85 - (- 1) (80

PPN M M s r r
Y Vi 12 _ 12
mass matrix M= M" = <M1*2 M) , decay matrix I =T" = (rTz r )

diagonalize the Hamiltonian

2 .

E 2 q 2M;, — T3,
By=pB+qgB , B.=pB—-qgB , —| =55 °
W=pB+q L =pB—q <p) M T

need lattice input

AMg = ME — ME ~ 2|M5,| o | Vis[?
to extract the CKM elements

AMy = MY — M5 ~ 2|M%,| o | Vig]?
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Mixing Frequencies

E [ o Tagged mixed
g | o Tagged unmixed
= 400 a (:, —— Fit mixed
- | Y
% i : ween Fit unmixed
k= :
"g - S
g 2001 i
0
0 1 2 ; !

decay time [ps]

Al st
2

M(Bs(t) = Dfn~) ~ e‘rst(cosh( )+ cos(AMst))
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Mixing Frequencies

400~

candidates / (0.1 ps)

2001 4

o Tagged mixed
o Tagged unmixed
— Fit mixed

wene Fit unmixed

[(Bs(t) — Dfn—) ~ e-rs’-‘(cosh(

AMs = (17.757 £ 0.021)/ps |

2 3 4
decay time [ps]

Al st
2

)+ cos(AMst))

AMy = (0.5064 + 0.0019)/ps

(Heavy Flavor Averaging Group)

Wolfgang Altmannshofer

Flavor Physics 1

September 19, 2016
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Three Types of CP Violation

1) CP Violation in Mixing @A @
probability to oscillate
from meson to anti-meson @‘\/@

= probability to oscillate
from anti-meson to meson
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1) CP Violation in Mixing @A @
probability to oscillate
from meson to anti-meson @‘\/@

= probability to oscillate
from anti-meson to meson

ONENG
2) CP Violation in the Decay

decay rate of a meson to a final state @V @
-+ decay rate of the anti-meson
to the CP conjugated final state
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Three Types of CP Violation

1) CP Violation in Mixing @A @
probability to oscillate
from meson to anti-meson @‘\/@

= probability to oscillate
from anti-meson to meson

ONENG
2) CP Violation in the Decay

decay rate of a meson to a final state @V @
-+ decay rate of the anti-meson
to the CP conjugated final state

3) CP Violation in the Interference of @\

Mixing and Decay ) @
can occur in decays of

meson and anti-meson @/

to a common final state
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CP Violation in Mixing

OO
(@)~ (W) e - 152 | 2

I_*
M, — i12
12 2

q
&= 1
3l
Look at decays to “wrong sign” final states, e.g.

o _ T(Ba(t) = t"vX) ~T(Ba(t) » -2X) _1—|q/pl*
SL T (By(t) — £+uX) + T(By(t) — ¢-0X)  1+1q/pl*
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CP Violation in Mixing

.01 ax=t
—
(%]
< -
0
O e e
-0.02-
I HFAG
-0.03

l P I l
-0.02 -0.01 0 0.0]0)
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® 0
As
®»—0®

requires more than one interfering amplitude with
different strong phase and weak phase

Zk Akei(5k—¢k)
B Zk Akei(6k+¢k)
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®@ "0
As
&—©

requires more than one interfering amplitude with
different strong phase and weak phase

Zk Akei(5k—¢k)
o Zk Akei(5k+¢k)

look e.g. at decays of charged B mesons:

[(BY =) —T(B~ =) 1—|A JA:f
FBT = 1)+ T(B~ = 17) 1+ |Ar JAr[2

af+ =
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CP Violation in the Interference

SES

)

TIQ

J e
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CP Violation in the Interference

SES

)

TIQ

)/® m <
look at time dependent CP asymmetries in decays to final CP eigenstates

r(?(t) — fep) — T(B(t) — fcp) N
F(B(t) — fop) + T(B(t) = fcp)

afCP(t) =
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CP Violation in the Interference

TlQ
SES

@)/G‘) m (22 40

look at time dependent CP asymmetries in decays to final CP eigenstates

(B(t) = for) ~ T(B(t) = for) _ <q;\,) Sin(AM 1)
B

(B(t) = fop) + T(B(t) = fep)  \PAr

r
) =
afCP() r p A

(if AT ~ 0 and if there is no direct CP violation i.e. |As| = |Ay|)
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CP Violation in the Interference

Golden channel to determine the angle 5: B, — J/uKs
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CP Violation in the Interference

Golden channel to determine the angle 5: B, — J/uKs

A(By — J/YKs) ~ A(Bd — J/YKs) ~ real a o~ —th—vtf ~ g 128
p th th

= ayeks(t) ~ sin(27)sin(AM, 1)
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CP Violation in the Interference

Golden channel to determine the angle g: By — J/uKs

A(By — J/YKs) ~ A(Bd — J/YKs) ~ real a o~ _th—th ~ g 128
p th th

= ayeks(t) ~ sin(27)sin(AM, 1)

a
=]
T

Events /0.5 ps
- A n
o o
o o
T

HFAG average

sin(28) = 0.691 + 0.017

6-4-20 2 4 6 6420 2 4 6
At (ps) At (ps)
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Experimental Situation of the CKM Matrix

Overa” ConSiStent 15 UL BB L T e
picture within | [excuded area has GL> 085 %%i
O(10%) uncertainties ‘o . Py Y

G, g Amg

05

A = 0.2254739%%2

i A I

o 007 = 0.0 : ........ - - .....................
A = 0.823+0007 :
p—0.150°352 :
i = 0.35410:907 1ol v &
i | A 1
http://ckmfitter.in2p3.fr/ A5 o 'nio' Y S
http://www.utfit.org/ ' ) - ' )

http://latticeaverages.org/ P
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Flavor Hierarchies

1;7 Vual= [Vesl= [Vipl =
‘(g L
s Nl [Veal=
5
3 0.1?
<
) [Veol® [Vis| ®
001 Vial T
| V!l
1073
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Flavor Hierarchies

[ .
100
~ 10—
L g
| e
O 1 ’
c F me ®
[72]
? 01 m, =
2 m, 8
£
o  0.01—
o 5
% My I
o 10—37 my l
me =
1074
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The Standard Model Flavor Puzzle

The Standard Model gives a
reasonable description of all
flavor transitions measured up to now,
but it does not explain its mysteries

» Why are there three generations of
quarks and leptons?

» What is the origin of the hierarchies
in the fermion spectrum?

\‘-/

» What is the origin of the hierarchies
in the quark mixing?
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Addressing the SM Flavor Puzzle

extra
dimensions

flavor
symmetries

loop
effects
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Hierarchy from Symmetry

(Froggatt, Nielsen ’'79; ...)

fermion masses are forbidden by flavor symmetries
and arise only after spontaneous breaking of the symmetry

Mo Simple U(1) model:

Q(t)=Q(t)=0
Q(u)=-Q(up)=3
Q(h)=0
Q(e)=-1

h?,q i — hl_JR ur
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Hierarchy from Symmetry

mass and mixing hierarchies given by powers of the “spurion” (o) /M.
in the example from the previous slide we have
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Hierarchy from Symmetry

mass and mixing hierarchies given by powers of the “spurion” (o) /M.
in the example from the previous slide we have

Exercise: Construct a U(1) model with the following hierarchies
my~e | me~ed , mp~1

My ~e | mgrm~et | mp~ e

Which predictions does your model make for the CKM hierarchies?
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Hierarchy without Symmetry: Geometry

(Arkani-Hamed, Schmaltz '99; Grossman, Neubert '99; ...)

fermions are localized at different positions in an extra dimension

r

—

[ ec

h
22 N N

hierarchies from exponentially small wave-function overlap
between left-handed and right-handed fermions and the Higgs

m, _
U e
mi
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Hierarchy without Symmetry: Loops

(Weinberg '72; ...)
light fermion masses arise only from quantum effects

Un UL light fermions do not couple

S to the higgs directly

couplings are loop-induced
by flavor violating new particles

mass and mixing hierarchies from loop factors
my 1"
my 1672
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Summary of the First Lecture

» In the SM, all flavor violation is due to the Higgs

» At tree level there are no FCNCs; flavor violation occurs only
in charged currents, parametrized by the CKM matrix

FCNCs arise at the 1-loop level. Example: meson mixing;
gives access to CKM elements V;y and Vis and their phases

Where do the hierarchies in the CKM elements
and the fermion masses come from?
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