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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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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 2

Flavor Physics
Beyond the Standard Model
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The Standard Model as Effective Theory

Lsy r~ A? -|-/\2H2 +)\H4

+UDPV + (D,H)? + (Fu)® + FuF™
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The Standard Model as Effective Theory

CC problem

Loy ~ AN + N2H? + \H*

Vacuum
stability?

Hierarchy
problem

Strong CP
problem

+ WPV + (DH)? + (Fu)® + FuF™

_ 1 1 .
+ Y HUw 4+ n (LH)? + AZ Z:o;"me
1

SM flavor

puzzle Neutrino

NP flavor puzzle
masses
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The Hierarchy Problem

What gives mass to the Higgs itself?

The Higgs mass parameter M = mi,) + Am? ~ (125GeV)?
is not forbidden by any
symmetry of the Standard Model

1) can be added by hand

2) not protected from
quantum corrections
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The Hierarchy Problem

What gives mass to the Higgs itself?

The Higgs mass parameter M = mi,) + Am? ~ (125GeV)?
is not forbidden by any
symmetry of the Standard Model quantum corrections to

the Higgs mass are

1) can be added by hand sensitive to the largest scales

2) not protected from

i 1
quantum corrections Am? ~ 67 Mglanck ~ 1036Gev2

fine tuned cancellation between the
quantum corrections and the “bare mass” is required
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The Hierarchy Problem

Canada United States
9,984,670 km? - 9,826,675 km? = 157,995 km?2
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The Hierarchy Problem

Canada United States
9,984,670 km? - 9,826,675 km? = 157,995 km?2

tuning of the Higgs mass would correspond to
the surface area of Canada and the United States
differing by approximately the size of an atom!

In order to protect the Higgs mass
from huge quantum corrections and to avoid finetuning,
we expect New Physics at the TeV scale
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How can we get information
on New Physics at high scales
from low energy experiments?



Beta Decay

proton

neutron © electron

'Ue * electron anti-neutrino
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Gr _

effective low energy description
of nuclear beta decay by a
4 fermion contact interaction

the interaction strength is given by
the Fermi constant

Gr~117 x 107° GeV 2

this defines an energy scale
A = (GrV2)~1/? ~ 246 GeV
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Gr _

effective low energy description

of nuclear beta decay by a
4 fermion contact interaction

the interaction strength is given by

the Fermi constant
Gr ~1.17 x 1075 GeV 2

this defines an energy scale
A = (GrV2)~1/? ~ 246 GeV

Wolfgang Altmannshofer

Flavor Physics 2

in the Standard Model
we understand beta decay
as consequence of
the exchange of virtual
weak gauge bosons

Ge _ G
V2 o 8ms,
my ~ 80 GeV
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New Physics in Flavor Changing Neutral Currents

1 g Cnp
G ~ StV
2 m2 m2 ts 2
167 my), my, Nap
/ ‘ \
measure calculate precisely get information on
precisely the SM contribution NP coupling and scale
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Example: CP Violation in Kaon mixing

» Standard Model amplitude is loop suppressed and CKM suppressed

d ¢ s

= 4

K K g 2
s t d
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Example: CP Violation in Kaon mixing

» Standard Model amplitude is loop suppressed and CKM suppressed
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» Generic New Physics amplitude only suppressed by
New Physics scale
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Example: CP Violation in Kaon mixing

» Standard Model amplitude is loop suppressed and CKM suppressed
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» Generic New Physics amplitude only suppressed by
New Physics scale

& « o
Nee

» CP Violation in Kaon Mixing can probe extremely high scales

M 4n 1

w2 ~10* TeV
me g2 |Vig V5|

Anp ~
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Example: CP Violation in Kaon mixing

» Standard Model amplitude is loop suppressed and CKM suppressed

@i
x
R
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» Generic New Physics amplitude only suppressed by
New Physics scale

K 1
K K
o

» CP Violation in Kaon Mixing can probe extremely high scales

M 4n 1

w2 ~10* TeV
me g2 |Vig V5|

Anp ~

[Exercise: estimate the scale that can be probed with rare B decays]
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Many Flavor Violating Dimension Six Operators
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Many Flavor Violating Dimension Six Operators

2:H" 3:H'D” 5y’ HY + e
(H'H)O(HTH) Qesi
(H'DuH) (H DuH) Qur
Qan | (HH)Gpdr H)

Qu | HHY Quo
Qns

64K +ho Ty 2499 baryon number conserving

T gt () . .
P . o dim. 6 operators in total
Quw | HIHW] Wi Que | (@ 14 u)HGE, Que Grzadkowski et al. 1008.4884,
Qo | LI G| e (I Alonso et al 1312.2014
Qun | HHB,B" Qur | (@ u)H B Q) (H'i DL H)(g"~"a:)
Qup H'H By, B* Que | (@ T4 H G, Qs (H'i‘BJH)(»a,v»'n, )
Quws | H' T HW/}, B Qaw | (Bo™d. )T’HW;, Qra (H‘7BMHI(d,*/”d,)
Quivy | H'T HW., B Qup | (@0**d,)H B,, Qitus + nc. | i(H D,H)(u,7"d,) . ) X
L)L) S:(RR)(RR) S (LLVRR 4 fermlon InteraCtlonS
(ﬂf U Lol) Que | (Een)(Earied) Q| Gpl)enre) \
QW | @ue@a)  Qu | @ra)iEsee) Qu | i) (@)
A | @wra) @ T a)  Qu | (dyvd,)dytdl) Qu | Gat)daed)
W G @e) Qe | @)@t Que (@t )
Q| G 1)@ 7)) Qea | Epraee) (i) Qe | )t
Q| G i) Q| T ) T )
QS | @ tw)idorrad) QG| @)yt

Qi | @ Tha) @ T

»

S (LR)(RL) + he
Queas | Qe)dses) Qe | @Gpurdeinidhed)
QP | @@ TAdy)

K Qi | Eedes(@u) /
23 L depunlGhgi )

Wolfgang Altmannshofer Flavor Physics 2

(ER)(TR) + e




Many Flavor Violating Dimension Six Operators

2:H" 3:H'D”

5:p?HY + e

Qu | (H'HY Quo (H'H)O(H'H)

Quu

(H'DuH)" (H D,H)

Qesi
Qur

Qun | (HH)Gpdy H)
TR e T 2499 baryon number conserving
Qo | Gpore)e W], Qw . .
O o dim. 6 operators in total

Quu | winwiwi | Que | @e el 6, Qu- Grzadkowski et al. 1008.4884,

| HEWL W | (g u)r W, 2
Qo : Qu | (e ) i b Alonso et al 1312.2014
Qun | HHB,B" Qur | (@ u)H B Q) (H'i DL H)(g"~"a:)

Qup | HHBLB" (@ TAd)H G2, Qi (H'D 1) )
Quws | H' T HW/}, B (Fpotd. )T’HW;, Qra (H‘7BMH}(d,~/”d,)
Quivy | HIT HW,, B (g,0*d,)H B, Qitus + nc. | i(H D,H)(u,7"d,) 4 f . ) X

rmion interaction
8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR) € 0 te aCt ons

Qu | Gd o) Que | EeiEte) o (pl-)esver)

(1) 4. (4. i, Y@ I i~ . g

0 @@t Qu | @it Qu | ) (@)

:1, @) @7 0 gty ) (70, " k) (27t dlp0|e tl’anSItlonS

Qu | @wr' e )@ ') Qui (dyyud, )y de) Qu (Gl )(dyvdy)

D G @) Qe | @)t Que | G )

A | G 1)@ ) Qua (Egnee) (i) Qi | @)t

Q| G ity Q| T ) T )
O | @t idar14d) Q0| G idardn
QY | @ Tra)da T

S (LR)(RL) + he

»

(ER)(TR) + e

Quay | We)da)) Qe | e ein(dhds)
Qi | @Ay )T
Qi | Eedes(@u)
Qi | Gowecn@io w)

Wolfgang Altmannshofer

Flavor Physics 2




Many Flavor Violating Dimension Six Operators
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Many Flavor Violating Dimension Six Operators
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2499 baryon number conserving
dim. 6 operators in total
Grzadkowski et al. 1008.4884,

Alonso et al 1312.2014
4 fermion interactions
dipole transitions

Z-penguins

Higgs penguins




Higgs Penguin Operators

Higgs penguin operators

Oeh = (HTH)(Z1 PRez)H

Oun = (H'H)(G1 Pruz)H®
Ogh = (HTH)(C_h Prd>)H
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Higgs Penguin Operators

Higgs penguin operators

Oeh = (HTH)(Z1 PRez)H

Oun = (H'H)(G1 Pruz)H®
Ogh = (HTH)(C_h Prd>)H

[Exercise: show that these interactions lead
indeed to flavor violating Higgs couplings]
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Higgs Penguin Operators

Higgs penguin operators

Oeh = (HTH)(Z1 PHGQ)H

Oun = (H'H)(G1 Pruz)H®
Ogh = (HTH)((_ﬁ Prd>)H

[Exercise: show that these interactions lead
indeed to flavor violating Higgs couplings]

induced processes:

h—ru, T—py, 7= 3u,..
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Higgs Penguin Operators

Higgs penguin operators

Oeh = (HTH)(Z1 PHGQ)H

Oun = (H'H)(G1 Pruz)H®
Ogh = (HTH)((_ﬁ Prd>)H

[Exercise: show that these interactions lead
indeed to flavor violating Higgs couplings]

induced processes:

h—ru, T—py, 7= 3u,..
t— hu, D°— D°mixing, D°— ptu ..
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Higgs Penguin Operators

Higgs penguin operators

Oeh = (HTH)(Z1 PHGQ)H

Oun = (H'H)(G1 Pruz)H®
Ogh = (HTH)((_ﬁ Prd>)H

[Exercise: show that these interactions lead
indeed to flavor violating Higgs couplings]

induced processes:

h—ru, T—py, 7= 3u,..
t— hu, D°— D°mixing, D°— ptu ..
h — bs, B meson mixing , Kaon mixing, Bs— u™p™, ...
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Z Penguin Operators

Z-penguin operators

0% = (H'i D2 H) (11" 0aPyl2)

~ R -

O = (HYI'D,H)(Zs7" Puls)
g _

Ohe = (H'i D,,H) (817" Prez)
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Z Penguin Operators

Z-penguin operators

0% = (H'i D2 H) (11" 0aPyl2)

~ R -

O = (HYI'D,H)(Zs7" Puls)
= —

Ohe = (H'i D,,H) (817" Prez)

induced processes:

Z—Tu, T—=3u , pu— econversion ,
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Z Penguin Operators

Z-penguin operators

0% = (H'i D2 H) (11" 0aPyl2)

~ R -

O = (HYI'D,H)(Zs7" Puls)
g _

Ohe = (H'i D,,H) (817" Prez)

induced processes:

Z—Tu, T—=3u , pu— econversion ,
t—Zu, D°— D°mixing, D°— putpu~ ..
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Z Penguin Operators

Z-penguin operators

0% = (H'i D2 H) (11" 0aPyl2)

~ R -

O = (HYI'D,H)(Zs7" Puls)
= —

Ohe = (H'i D,,H) (817" Prez)

induced processes:

Z—Tu, T—=3u , pu— econversion ,
t—Zu, D°— D°mixing, D°— putpu~ ..
Z — bs, B meson mixing , Kaon mixing, B— K{t(— ..
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Dipole Operators

dipole operators

OdG = (2710'”” TAP,qdz)H Gﬁy

Oaw = (G10" Prdb)o?H Wiu
Ogg = (q10"" Pra2)H By,
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Dipole Operators

dipole operators

OdG = (5710"” TAP,qdz)H Gﬁy

Oaw = (G10" Prdb)o?H Wiu
Ogs = (10" Pra2)H By,

v/Z/9

induced processes:

uw— ey, T—3u , u— econversion ,
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Dipole Operators

dipole operators

OdG = (5710"” TAP,qdz)H Gﬁy

Oaw = (G10" Prdb)o?H Wiu
Ogs = (10" Pra2)H By,

v/Z/9

induced processes:

uw— ey, T—3u , u— econversion ,
t—suy, t—cZ, D°— putp , ..
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Dipole Operators

dipole operators

OdG = (5710"” TAP,qdz)H Gﬁy

Oaw = (G10" Prdb)o?H Wiu
Ogs = (10" Pra2)H By,

v/Z/9

induced processes:

uw— ey, T—3u , u— econversion ,
t—suy, t—cZ, D°— putp , ..
b— sy, B— K®pte— |
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Four Fermion Contact Interactions

4 fermion interactions

O = (017, Prdo) (037" Prds)

Oeu = (l17, PLlo) (T v Prug)
-+ many other Dirac and flavor structures
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Four Fermion Contact Interactions

4 fermion interactions fi f

O = (017, Prdo) (037" Prds)

O = (L17, PLl2)(Thy" Pruz)
-+ many other Dirac and flavor structures f3 fa

induced processes:

Kaon mixing, D° mixing , By mixing , Bs mixing ,
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Four Fermion Contact Interactions

4 fermion interactions fi f

O = (017, Prdo) (037" Prds)

O = (L17, PLl2)(Thy" Pruz)
-+ many other Dirac and flavor structures f3 fa

induced processes:

Kaon mixing, D° mixing , By mixing , Bs mixing ,
t—upp, D°—putp= , By—ptp=, B— K&t
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Four Fermion Contact Interactions

4 fermion interactions fi f

O = (017, Prdo) (037" Prds)

Oy = (0177, PLb2) (T Prup)

-+ many other Dirac and flavor structures f3 fa

induced processes:

Kaon mixing, D° mixing , By mixing , Bs mixing ,
t—upp, D°—putp= , By—ptp=, B— K&t
T euu, — 3e , p— econversion ,
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Bounds From Meson Mixing

4 fermion contact interactions
leading to Kaon mixing

Ci

F(EMH PLS)(C_f’)/# PLS)

Co - _
A—j(dPLs)(dPLs)

Ca - _
A2 (0aPLS3)(dsPrse)

Cs - _
A_g(daPLS,B)(d,BPRSa)

(analogous for other meson systems)

need hadronic matrix elements from
lattice to translate measurements into
NP bounds
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Bounds From Meson Mixing

4 fermion contact interactions
leading to Kaon mixing

)

>
Ci - _ g
ﬁ(d’yHPLS)(d’y“PLS) z"’
o
O 10°
Co - - X
ﬁ(dPLS)(dP/_S) z -
C3 - = 10°
ﬁ(daPLSﬂ)(dﬁPLSa)
10?
Cy -
—(dPLS)(dPF;S)
N ¢ ¢ ¢ ¢ ¢
Gs - py L bound NP scale
2(d.Pis:)\(dsPrs ower bounds on
pz (daFLs)(dsPasa) (in TeV at 95% prob.)
(analogous for other meson systems)
need hadronic matrix elements from (bounds on A assuming [C;| = 1)
lattice to translate measurements into
NP bounds
Wolfgang Altmannshofer Flavor Physics 2
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The New Physics Flavor Puzzle

Low energy flavor observables are sensitive to
New Physics far beyond the TeV scale

A
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The New Physics Flavor Puzzle

Low energy flavor observables are sensitive to
New Physics far beyond the TeV scale

A

solutions of the hierarchy problem require
New Physics at or below the TeV scale
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The New Physics Flavor Puzzle

Low energy flavor observables are sensitive to
New Physics far beyond the TeV scale

currently no convincing evidence for
deviations from Standard Model
predictions in flavor experiments

A

solutions of the hierarchy problem require
New Physics at or below the TeV scale
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The New Physics Flavor Puzzle

Low energy flavor observables are sensitive to
New Physics far beyond the TeV scale

currently no convincing evidence for
deviations from Standard Model
predictions in flavor experiments

If there is New Physics
at or below the TeV scale,
why have we not seen it yet
in flavor observables?

A

solutions of the hierarchy problem require
New Physics at or below the TeV scale
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Reactions to the New Physics Flavor Puzzle

finetuning of the EW scale (~ A?)

model building effort (~ 1/A?)
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Reactions to the New Physics Flavor Puzzle

decoupling of
New Physics effects

CNP
GNP:A—2<< GF

NP

finetuning of the EW scale (~ A?)

model building effort (~ 1/A?)
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Reactions to the New Physics Flavor Puzzle

decoupling of
New Physics effects

Alignment
Flavor symmetries
Minimal Flavor Violation

finetuning of the EW scale (~ A?)

model building effort (~ 1/A?)
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Minimal Flavor Violation

recall from the first lecture that without the Yukawa couplings, the SM has
a large global flavor symmetry

SU(3)q x SU(3)y x SU(3)p x SU(3), x SU(3)e x U(1)®
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Minimal Flavor Violation

recall from the first lecture that without the Yukawa couplings, the SM has
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Minimal Flavor Violation

recall from the first lecture that without the Yukawa couplings, the SM has
a large global flavor symmetry

SU(3)q x SU(3)y x SU(3)p x SU(3). x SU(3)e x U(1)°
The SU(3)® symmetry can be formally restored if one promotes the
Yukawa couplings to “spurions” that transform in the following way

Yu=3QXéu, Yd:30XéD7 YZZSLXEE

the Yukawa interactions are now formally flavor invariant

L > H(QY,U) + H(QY4D) + H(LY,E)
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Minimal Flavor Violation

Minimal Flavor Violation

the SM Yukawas remain the only sources of flavor breaking
also in theories beyond the SM

Chivukula, Georgi '87; D’Ambrosio et al. '02
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Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?

dLZSQ, dR=3D, Yu=3oxéu, YdZSQXC_';D
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lets write down flavor invariant terms and then rotate to mass eigenstates
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Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?

dL=3Q, dR=3D, Yu=3QX:_3u, YdZSQXED

lets write down flavor invariant terms and then rotate to mass eigenstates

(d"y*ah)

Wolfgang Altmannshofer Flavor Physics 2 September 20, 2016 20/44



Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?

dL=3Q, dR=3D, Yu=3QX:_3u, YdZSQXED

lets write down flavor invariant terms and then rotate to mass eigenstates
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Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?
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lets write down flavor invariant terms and then rotate to mass eigenstates
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Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?

dL=3Q, dR=3D, Yu=3QX:_3u, YdZSQXED

lets write down flavor invariant terms and then rotate to mass eigenstates

(dy#dY) — (d*y*dY) —  no flavor change

(d-YaYiyrdt) — (dY(YT™)24mdt) = no flavor change

(aL Yu YJ'YHdL)

Wolfgang Altmannshofer Flavor Physics 2 September 20, 2016 20/44



Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?

dL=3Q, dR=3D, Yu=3QX:_3u, YdZSQXED

lets write down flavor invariant terms and then rotate to mass eigenstates
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Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?

dL=3Q, dR=3D, Yu=3oxéu, Yd:3QX§D

lets write down flavor invariant terms and then rotate to mass eigenstates

(d'"dhy — (d*4*dY) —  no flavor change
(d-YaYiyrdt) — (dY(YT™)24mdt) = no flavor change
(@ v, YiyrdY) — (d-ViVy?ytdE) —  flavor change!

flavor changing transitions are proportional to small CKM elements

(same as in the SM)
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Minimal Flavor Violation and FCNCs

What happens to flavor changing interactions among down quarks?

dLZBQ, dR=3D, Yu=3oxéu, Yd:3QX§D

lets write down flavor invariant terms and then rotate to mass eigenstates

(d*y#*dh) — (d4*db)  —  no flavor change
(d-YaYiyrdt) — (dY(YT™)24mdt) = no flavor change
(@ v, YiyrdY) — (d-ViVy?ytdE) —  flavor change!

flavor changing transitions are proportional to small CKM elements
(same as in the SM)

transitions involving right handed quarks are
further suppressed by small Yukawa couplings
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Bounds From Meson Mixing with MFV

Meson mixing constraints are strongly relaxed in the MFV framework

The couplings C; are now suppressed
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Meson mixing constraints are strongly relaxed in the MFV framework

The couplings C; are now suppressed

C
1(d7l1PLS)(dA/HPLS) ) C1 N( [thS) ~ 1077

C
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Bounds From Meson Mixing with MFV

Meson mixing constraints are strongly relaxed in the MFV framework

The couplings C; are now suppressed

C
1(d7/1PLS)(dA/HPLS) ) C1 N( [dvts) ~ 1077

C
4(dPLS)(dPHS) . Ca~ Yays(ViVigVis)® = 10710

new physics can be at the TeV scale without violating the bounds
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Flavor Violation in
Models of New Physics



Two Higgs Doublet Models

one of the simplest extensions of the SM Higgs sector
» two Higgs doublets H; and H, with hypercharges -1/2 and +1/2

Hy 1 (ves + hy + iay)
- . = (v2\"™h
He (\/LE(VSQ + ho + Iaz)) , Hi ( H1_ >
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Two Higgs Doublet Models

one of the simplest extensions of the SM Higgs sector
» two Higgs doublets H; and H, with hypercharges -1/2 and +1/2

Hy =(ves + hy + iay)
= . = \/é B
He (—\}z(vsﬁ + ho + :az)) » ( H; >

» 5 physical degrees of freedom: hand H, A, and H*

assuming CP conservation:
Gi [ Sp —Cg %:
HE) — Cs H
h\  (ca —Sa)\ (he G\ (ssg —c3) [a
H) \sa Ca hy) > \A) \cs sz a
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FCNCs at Tree Level

both Higgs doublets can couple to the SM fermions

L > ()i HeQiUs + (7u)i H QiU
+(va)ix Hi QiDk + (Fa)ix Hj QiDx
+(y@)ik H1 ZiEk + (}N/Z)ik ng,'Ek + h.c.
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FCNCs at Tree Level

both Higgs doublets can couple to the SM fermions

L > ()i HeQiUs + (7u)i H QiU
+(va)ix Hi QiDk + (Fa)ix Hj QiDx
+(y@)ik H1 ZiEk + (}N/Z)ik ng,'Ek + h.c.

» for generic couplings y and ¥,
quark masses and Higgs couplings are not aligned, e.g.

(Mg)ik = % (Cﬁ(Yd)ik+sﬁ(}7d)ik> , (@) = % (Sﬁ(Yd)ik*Cﬁ(j’d)ik)
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FCNCs at Tree Level

both Higgs doublets can couple to the SM fermions
L > ()i HeQiUs + (7u)i H QiU
+(va)ix Hi QiDk + (Fa)ix Hj QiDx
+(y@)ik H1 ZiEk + (;’Z)ik ng,'Ek + h.c.

» for generic couplings y and ¥,
quark masses and Higgs couplings are not aligned, e.g.

v . oy A, _ 1 (D),
() = 5 (cstvact s ) » (9 = 5 (sl
d s
— tree level FCNCs
. . . K AH K
— incredible strong constraints (| p~T77C
from meson mixing < p
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2HDMs with Natural Flavor Conservation

» Natural Flavor Conservation: no tree level FCNCs if all types of
fermions couple only to one Higgs doublet (Glashow, Weinberg '77)

» Can be enforced by:
(softly broken) continuous symmetries (Peccei-Quinn)
or discrete symmetries (2)

» 4 possibilities:  (yy)ix HoQiUs + (Ja)ik H QiDx + (%) HiLiEx

type |

up quarks Ho

down quarks | H>

leptons Ho
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2HDMs with Natural Flavor Conservation

» Natural Flavor Conservation: no tree level FCNCs if all types of
fermions couple only to one Higgs doublet (Glashow, Weinberg '77)

» Can be enforced by:
(softly broken) continuous symmetries (Peccei-Quinn)
or discrete symmetries (2)

» 4 possibilities:  (yu)ik Ho Qi Uk + (Ya)ik Hi QiDx + (ve)ik HiLiEx

type | typell

up quarks | Hs Ho
down quarks Ho H,

leptons Ho H;
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2HDMs with Natural Flavor Conservation

» Natural Flavor Conservation: no tree level FCNCs if all types of
fermions couple only to one Higgs doublet (Glashow, Weinberg '77)

» Can be enforced by:
(softly broken) continuous symmetries (Peccei-Quinn)
or discrete symmetries (2)

» 4 possibilities:  (yu)ix HoQiUx + (o) Ha Q:Dk + (ve)i HiLiEx

type |l typell type lll
up quarks | Ho H. Ha
down quarks Ho H, Ho
leptons |  Ha Hi H;
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2HDMs with Natural Flavor Conservation

» Natural Flavor Conservation: no tree level FCNCs if all types of
fermions couple only to one Higgs doublet (Glashow, Weinberg '77)

» Can be enforced by:
(softly broken) continuous symmetries (Peccei-Quinn)
or discrete symmetries (2)

» 4 possibilities:  (yu)ik H2Qi Uk + (Ya)ik H1 QiDx + ()i H3LiEx

type |l typell typelll typelV
up quarks Ho Ho Ho Ho
down quarks Ho H, Ho H,
leptons Ho H; H, Ho
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2HDMs with Minimal Flavor Violation

» expansion of the “wrong” Higgs couplings

Vo = euVuteluViyutelyayiyut ...
}N/d = €dVd+ GQYdy(;}/d + €Zyu}/:5}/d + ...
Ve = eyi+ GZYZY/,TW +..

» still Flavor Changing Neutral Currents at tree level, but controlled by
small Yukawas and CKM elements
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2HDMs with Minimal Flavor Violation

» expansion of the “wrong” Higgs couplings

Vo = euVuteluViyutelyayiyut ...
}N/d = €dVd+ GQYdy(;}/d + €Zyu}/:5}/d + ...
Ve = eyi+ GZYZY/,TW +..

Exercise part 1:
demonstrate that these terms are formally invariant under the flavor group

» still Flavor Changing Neutral Currents at tree level, but controlled by
small Yukawas and CKM elements
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2HDMs with Minimal Flavor Violation

» expansion of the “wrong” Higgs couplings

Vo = euVuteluViyutelyayiyut ...
}N/d = €dVd+ GQYdy(;}/d + €ZyUYJYd + ...
Ve = eyi+ 62}’6}’}}’6 +..

Exercise part 1:
demonstrate that these terms are formally invariant under the flavor group

Exercise part 2:

rotate into the quark mass eigenstate basis and show that off-diagonal
entries in y, and y4 are suppressed by small CKM elements

» still Flavor Changing Neutral Currents at tree level, but controlled by
small Yukawas and CKM elements
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The Minimal Supersymmetric Standard Model

Standard particles
Supersymmetry (SUSY) implies:
every fermion has a bosonic partner
and vice versa

requires 2 Higgs doublets to give mass
to up-type and down-type fermions
(2HDM type 1)

tan 8 = (Hu)/(Ha)

) Quarks @ veoions @ Force particies

SUSY particles

expect at least some SUSY particles
(Higgsinos, stops, gluinos)

at or below O(TeV) for a :

natural electro-weak scale s @ sons @ susvie
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Flavor and CP Violation in the MSSM

The MSSM can contain many new sources of flavor and CP violation
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Flavor and CP Violation in the MSSM

The MSSM can contain many new sources of flavor and CP violation

Higgsino and Higgs masses 1oHyHy+BpHy Hg+m, | Hu P+ mZ, | Hg|?
— 2 phases
squark and slepton masses mgQf Qu+mpy UL Un+m D5 DA

— 15 angles + 15 phases +mflIlL n mi-ELER
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Flavor and CP Violation in the MSSM

The MSSM can contain many new sources of flavor and CP violation

Higgsino and Higgs masses 1oHyHy+BpHy Hg+m, | Hu P+ mZ, | Hg|?
— 2 phases
squark and slepton masses mgQf Qu+mpy UL Un+m D5 DA

— 15 angles + 15 phases +mflIlL n mi-E,TqER

gaugino masses - o
— 3 phases myBB+moWW +mzgg
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Flavor and CP Violation in the MSSM

The MSSM can contain many new sources of flavor and CP violation

Higgsino and Higgs masses 1oHyHy+BpHy Hg+m, | Hy P +mZ, | Hg|?
— 2 phases
squark and slepton masses mgQ} Qu+mpy UL Un+m D5 DA

— 15 angles + 15 phases +mflIlL n m?_:E,TqER

gaugino masses - s
— 3 phases myBB+m,WW + mzgg

trilinear couplings =i P i
— 18 angles + 27 phases Ay HuQ; Up+Aa HaQ Dp+Ar Hal Er
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Flavor and CP Violation in the MSSM

The MSSM can contain many new sources of flavor and CP violation

Higgsino and Higgs masses 1oHyHy+BpHy Hg+m, | Hy P +mZ, | Hg|?
— 2 phases
squark and slepton masses mgQ} Qu+mpy UL Un+m D5 DA

— 15 angles + 15 phases +mflIlL n m?_:E,TqER

gaugino masses - s
— 3 phases myBB+m,WW + mzgg

trilinear couplings =i P i
— 18 angles + 27 phases Ay HuQ; Up+Aa HaQ Dp+Ar Hal Er

not all phases are physical! (like in the case of the CKM matrix)
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Flavor and CP Violation in the MSSM

The MSSM can contain many new sources of flavor and CP violation

Higgsino and Higgs masses 1oHyHy+BpHy Hg+m, | Hy P +mZ, | Hg|?
— 2 phases
squark and slepton masses mgQ} Qu+mpy UL Un+m D5 DA

— 15 angles + 15 phases +mflIlL n m?_:E,TqER

gaugino masses - s
— 3 phases myBB+m,WW + mzgg

trilinear couplings =i P i
— 18 angles + 27 phases Ay HuQ; Up+Aa HaQ Dp+Ar Hal Er

not all phases are physical! (like in the case of the CKM matrix)
2 phases can be rotated away...
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The SUSY Flavor Problem

squark flavor mixing can lead to large
FCNCs at the 1-loop level

L
most transparent parametrization in Ops
terms of “mass insertions” A P nne
bL St
mé = mg(1 +0 dg
o =M1 +0,) sd
By ). ......... ). ..~.
mZ = m3 (1 +0.) Sk dr
mé = 5 (1 + d,)
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Probing PeV Scale Squarks

K Mixing Sr g s
\ > o
I éﬁi ?EL

X X
N - Vo~
3 Y ya
3] ' '
™ < - >
(=) dr g a
Il
x 3
<
I
<J Miy o< =5 (65408
12 m2 ( )
q
3x10° » squarks of several 100 - 1000

TeV can be probed if relevant
phases are not suppressed

Wolfgang Altmannshofer
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Minimal Flavor Violation in the MSSM

méy = i (11 + b YY) + b YaYi+
soft masses

b YaYIYuYi + b YL YiYaY) + )
of squarks and sleptons

miy = it (1 + b Yo+ )

mp = (11 +bsY) Yy + .. )
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Minimal Flavor Violation in the MSSM

méy = i (11 + b YY) + b YaYi+

soft masses

b YaYIYuYi + b YL YiYaY) + )
of squarks and sleptons

my = iy (1 +baY( Ve + ..
mp = (11 + b5Y Yo+ .. )
_ 7 t t
trilinear couplings Av=Au (“ + 0o YaYg +brYu Yy + ) Y

As = Ag (1 + bsYu Y] + b Yo Y] + ..) Ya
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Minimal Flavor Violation in the MSSM

méy = i (11 + b Ya Y+ b YaYi+

soft masses

+ b YaYIYuYi + b YuYiYaY) + )
of squarks and sleptons

mé, = A, (11 b YiYy+ )

my = ity (1 + b Yg Yo + .. )

_ 7 t t
trilinear couplings Av=Au (“ +DeYaYq +brYuYy + ) Y
As = Ag (1 + bsYu Y] + b Ya¥) + ...) Ya
gaugino/higgsino/higgs
masses

my, me, Mz, p, B,LL

» flavor violation controlled by small CKM elements
» sources of CP violation beyond the CKM are allowed in MFV
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Flavor Anomalies



Overview of Current Flavor Anomalies

f (theoretical cleanliness)

hotu
B-Ke* e /BoKu' i

DO pu CP asym

By BsDy

BoK* it angular
| Vap| inclfexcl
| V] incl/excl
Bt
g-2
€le

Wolfgang Altmannshofer

2 3 4
significance (g)
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The B — D" rv Decays

NG
°®
@

v
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“The Rp and Rp- Anomalies”

B BR(B — Drv)
P~ BR(B— Div)
Ry, _ BR(B— D7)

~ BR(B— D*(v)

SM predictions very well
under control
Fajfer, Kamenik, Nisandzic '12
HPQCD collaboration 15

Wolfgang Altmannshofer

R(D*)

— T T T
= BaBar, PRL109,101802(2012)

——

— Belle, PRD92,072014(2015) A)(2 =10
LHCb, PRL115,111803(2015)

- Belle, arXiv:1603.06711

— HFAG Average, P(x?) = 67%

= SM prediction

0.25

°3.

Flavor Physics 2

Q\_/

=1

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)
PR T R T S T

HFAG
| I T T | PR

0.3 04 05

R(D)

Belle, BaBar and LHCb results are all high

combined significance ~ 4o
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The Bs — ¢u™u~ Decay

e

.... muon

B meson \/. anti-muon
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“The Bs — ¢u™ i~ Anomaly”

LHCb 1506.08777

=}

S =N W e Ly oo

dB(B—guu)ldg [10°Ge V>34

I5IIII10IIII15I
¢* [GeV¥c?]

branching ratio is 3.5¢ below SM prediction for 1 GeV? < 2 < 6 GeV?
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The B — Kutu~ Decay

kaon

... muon

B meson \/. anti-muon
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“The Rx Anomaly”

LHCb 1406.6482

-o-LHCb -m-BaBar -a—Belle

N 2_ L B I | L B
= LHCb 1
1.5_— » 7
[ 1 | ]
i 1 SV
( ]

% 5 10 s %

q* [GeV?/c4]

2.60 hint for violation of lepton flavor universality (LFU)

BR(B — Ky~
(B= Ki i Jel _ 745490 + 0,036

R =
7 BR(B— Kete g -
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The B — K*(— Km)u"u~ Decay

excited
kaon

— kaon
@. .

B meson

muon

. anti-muon
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“The B — K*u "~ Anomaly”

LHCb 1512.04442

El.‘ bl 2; —r 1 L E
r LHCb ] .

5 . Py characterizes the
1|_- [ SM from DHMV angular distribution of
C ] the decay products

e ]
; = WA, Ball, Bharucha,
Ak Ly S : ] Buras, Straub, Wick 0811.1214
C ] Bobeth et al. 1212.2321
2 -
0’ e 5' — 1'0 . . 1'5 . = Descotes-Genon et al.
1207.2753, 1303.5794
q* [GeV¥c?]

2.80 deviation in [4,6] GeV? bin
(+3.00 in [6,8] GeV? bin)
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What Could It Be?

branching angular LFU
ratios observables ratios
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What Could It Be?

branching angular LFU
ratios observables ratios

statistical
fluctuations?
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What Could It Be?
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parametric
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hadronic effects?
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What Could It Be?

branching angular LFU
ratios observables ratios

statistical
fluctuations?

parametric
uncertainties?

underestimated
hadronic effects?

New Physics?

Wolfgang Altmannshofer

vV

NN

X X
v, X
v oV
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Summary of the Second Lecture B

Low energy flavor observables have indirect sensitivity
to very high scales

If there is new physics at the TeV scale, why have we not seen
it yet in flavor observables?

The idea of Minimal Flavor Violation can tame flavor violation
in new physics models

Few anomalies exist in flavor measurements.
Are they first hints for new physics?

Flavor Physics 2 September 20, 2016



	The New Physics Flavor Puzzle
	Flavor in BSM Models
	Flavor Anomalies
	Summary

