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Quark massesQuark massesQuark massesQuark masses
Top quark is veryTop quark is veryTop quark is very Top quark is very 
heavy.heavy.
Bottom quark ratherBottom quark rather

tm v≈
Bottom quark rather Bottom quark rather 
light, but Ylight, but Ybb can be can be 
big at large tan(β)big at large tan(β) u cbig at large tan(β)big at large tan(β)
All other quark All other quark 
masses are verymasses are very

u c
masses are very masses are very 
small        small        

sensitive tosensitive tosensitive to sensitive to 
radiative correctionsradiative corrections d s b
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CKM matrixCKM matrix
⎛ ⎞
⎜ ⎟

CKM matrixCKM matrix
CKM matrix is the CKM matrix is the 
only source of flavoronly source of flavor

udV usV ubV⎜ ⎟
⎜ ⎟
⎜ ⎟

only source of flavor only source of flavor 
and CP violation in and CP violation in 
the SMthe SM

V V VCKMV
⎜ ⎟
⎜ ⎟

= ⎜ ⎟

the SM.the SM.
No treeNo tree--level level 
FCNCsFCNCs cdV csV cbVCKMV ⎜ ⎟

⎜ ⎟
⎜ ⎟

FCNCs.FCNCs.
OffOff--diagonal CKM diagonal CKM 
l t lll t ll

tdV tsV tbV
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

elements are smallelements are small

FlFl i l tii l ti
⎜ ⎟
⎝ ⎠FlavorFlavor--violation violation 

is suppressed in the is suppressed in the 
SMSM
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SUSY flavor (CP) problemSUSY flavor (CP) problem( ) p( ) p
The squark mass matrices are not necessarily diagonal The squark mass matrices are not necessarily diagonal 
(and real) in the same basis as the quark mass matrices(and real) in the same basis as the quark mass matrices(and real) in the same basis as the quark mass matrices.(and real) in the same basis as the quark mass matrices.
Especially the trilinear AEspecially the trilinear A--terms can induce terms can induce dangerously dangerously 
l fll fl i i ( d l h ) i th d ’ti i ( d l h ) i th d ’tlarge flavorlarge flavor--mixing (and complex phases) since they don’t mixing (and complex phases) since they don’t 
necessarily posses the suppression of the SM.necessarily posses the suppression of the SM.
The MSSM possesses two HiggsThe MSSM possesses two Higgs--doublets: Flavourdoublets: Flavour--
changing charged and (loopchanging charged and (loop--induced) neutral Higgs induced) neutral Higgs 
interactions.interactions.
Possible solutions:Possible solutions:
-- MFV  MFV  D’Ambrosio, Giudice, Isidori, Strumia hepD’Ambrosio, Giudice, Isidori, Strumia hep--ph/0207036ph/0207036

-- effective SUSYeffective SUSY Barbieri et at hepBarbieri et at hep--ph/10110730ph/10110730
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effective SUSY   effective SUSY   Barbieri et at hepBarbieri et at hep ph/10110730ph/10110730

-- Radiative flavour violationRadiative flavour violation



Squark mass matrixSquark mass matrix
q LRq 2

2 LLM
M

Δ⎛ ⎞
= ⎜ ⎟

%%

q q 2
RR

q LR†M
MΔ

= ⎜ ⎟
⎝ ⎠

%% %

q† 2 q 2(D)
q qW M W M=% %
% %

hermitian:hermitian:

q 2
LL,RRM % involves only bilinear terms (in the decoupling limit)involves only bilinear terms (in the decoupling limit)

The chiralityThe chirality--changing elements are proportional to a vevchanging elements are proportional to a vev

( ) ( )( )
( ) ( )( )

d d0
i ij ij

d LR
ij d

u LR u 0 u

v

v

tan Y A

t Y Aco

Δ = −

Δ

μ δ +β

+δβ
( )tan u

d

v
v

β =

6

( ) ( )( )u u 0
i ii ij ju

u
j v t Y AcoΔ += − μ δβ d



Mass insertion approximationMass insertion approximationMass insertion approximationMass insertion approximation
((L.J. Hall, V.A. Kostelecky and S. Raby, Nucl. Phys. B 267 (1986) 415.)

q ABΔ offoff diagonal element of the squark mass matrixdiagonal element of the squark mass matrix

Useful to visualize flavor-changes in the squark sector 
q
ijΔ offoff--diagonal element of the squark mass matrixdiagonal element of the squark mass matrix

q u,d=

A,B

flavor indices 1,2,3
chiralitys L,R

i, j

A,B y ,

A%B%
q AB
fii− Δ

A
fqB

iq
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SQCD selfSQCD self--energy:energy:gygy

( )q LRi 0Σ =( )fi
i 0− Σ =

2

Fi it d ti l t t l t f q LRΔ

( )s

q LR * 2 2
fi s g fs i 3,s 0 g q

2 m W W B m ,m
3 +Σ = α
π % % %

( )s t

q LR q q* qLR q q* 2 2 2
fi s g fs js jl lt it 0 g q q

2 m W W W W C m ,m ,m
3

Σ = α Δ% % % %

Finite and proportional to at least one power of q LR
fiΔ
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( )s tg j j g q q3π
decoupling limitdecoupling limit



Decomposition of the selfDecomposition of the self--energyenergyDecomposition of the selfDecomposition of the self energyenergy
Decompose the self-energy 

into a holomorphic part proportional to an A-term

d LR d LR d LR
ii ii A ii YΣ = Σ + Σ

into a holomorphic part proportional to an A term

( )s t

d LR d d* q d d* 2 2 2
fi A d s g fs js jl lt it 0 g q q

2v m W W A W W C m ,m ,m
3

Σ = − α
π % % % %

non-holomorphic part proportional to a Yukawa
3π

2 ( )j

s t

d d* d d* 2 2 2
u s g fs js jt it 0

dd
q

LR
g qfi Y Y2v m W W W W C m ,m ,m

3
= − μα

π
Σ % % % %

d LR
ii Yd ΣD fi di i l tit

i

ii Yd
i d

uv Y
Σ

ε =Define dimensionless quantity
which is dimensionless and independent of a Yukawa
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Renormalization IRenormalization IRenormalization IRenormalization I
All corrections are finite; counter-term not necessary.
Minimal renormalization scheme is simplest.

( )id d LR0m v Y= + Σ

Mass renormalizationMass renormalization

( ) ( ) ( )

i

i i

d d ii

d dq LR d0 0
d ii A d i

m v Y

v Y v tan Y

= + Σ

= +Σ + εβ

( ) ii

q LR
d ii Ad 0

m
Y

−Σ
=

( )

( )( )d
d i

Y
v 1 tan

=
+ εβ

tan(β) is automatically resummed to all orders
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tan(β) is automatically resummed to all orders



Renormalization IIRenormalization IIRenormalization IIRenormalization II
Corrections to the CKM matrix:

( )0* CKMCKM u L d L
fi jf jk kiV U V U=

Corrections to the CKM matrix:

2q LR
1 1⎛ ⎞

⎜ ⎟Σ

2 2 3

q LR q LR
12 13

q q

12
2
q

2LR

2m
1 11

m m
⎜ ⎟Σ Σ
⎜ ⎟
⎜ ⎟
⎜ ⎟

Σ
−

important twoimportant two--looploop
correctionscorrections
A.C. Jennifer Girrbach 2010 A.C. Jennifer Girrbach 2010 2 32

q L q RL q LR
21 23

2q LR
12

2
qq q2m

1 1U 1
m m

⎜ ⎟−⎜ ⎟= Σ Σ
Σ

⎜ ⎟
⎜ ⎟

−

3 2 3 3

q RL q RL
32 21

q q

q RL q RL
31 32

q qm m
1 1 1

m m

⎜ ⎟
− Σ −⎜ ⎟Σ Σ⎜

⎜

Σ
+ ⎟

⎟
⎝ ⎠
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Chiral enhancementChiral enhancementChiral enhancementChiral enhancement
dqLR

d ijAv1 ⎛ ⎞−Δ ( ) ( )d LR ijddfi 0
fi i ij

SUSY SUSY

Av1
tan Y

50 M 50 M
⎛ ⎞Δ

Σ ≈ = δ +β⎜ ⎟
⎝ ⎠

For the bottom quark only For the bottom quark only 
the term proportional tothe term proportional to ( ) ( )d LR b 0

33 Y d b
1 v tan Y m

50
−

Σ = β

( )tanO
50

⎛ ⎞β
⎜ ⎟
⎝ ⎠

the term proportional to the term proportional to 
tan(tan(ββ) is important.) is important.

tan(tan(ββ) ) enhancementenhancement

50

( )d LR dO A M1Σ = ≈

50⎝ ⎠((ββ))

For the light quarks also For the light quarks also 

Blazek, Raby, Pokorski, hepBlazek, Raby, Pokorski, hep--ph/9504364ph/9504364

( )

( )

22 A 22 SUSY

d LR d
11A 11 SUSY

O A M1
1O A M1 50

Σ = ≈

Σ = ≈

o e g qua s a soo e g qua s a so
the part proportional to the the part proportional to the 
AA--term is relevant.term is relevant.
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FlavourFlavour--changing correctionschanging correctionsFlavourFlavour--changing correctionschanging corrections
q LRΣ

( )max f ,i

CKMfi
fi

q

V
m
Σ

CKM q
cb 23 SUSYV : A M≈
CKM q 1
ub 13 SUSY
CKM q 1

12 SUSY

V : A M 10

V : A M 10

−

−

≈ ×

≈ ×us 12 SUSYV : A M 10×

FlavorFlavor--changing Achanging A--term can easily term can easily 

A C Ulrich Nierste hepA C Ulrich Nierste hep--ph/08101613ph/08101613

g gg g yy
lead to order one correction.lead to order one correction.
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A.C., Ulrich Nierste, hepA.C., Ulrich Nierste, hep ph/08101613ph/08101613



Higgs vertices in the EFT IHiggs vertices in the EFT I

uH

idYμ

dH

new

id

μ

idY id id id

new
dH

uHuH
dd

d
fiA

d LL
fiΔ idYμ d RR

fiΔfdYμ

uu
fdid

id fdid fd
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Higgs vertices in the EFT IIHiggs vertices in the EFT II
( )( )ddeff a b a*dL H dEQ E HY ε ′+δ +

d LR
fi YdE

Σ
′

( )( )d
fif

d
Y f L ba d u i Ri fi iL H dEQ E HY= ε +δ +

NonNon holomorphic correctionsholomorphic corrections fi
u

E
v

=NonNon--holomorphic corrections holomorphic corrections 

Holomorphic correctionsHolomorphic corrections
d LR
fi AdE

Σ

( )id dd dm v v EY E ′+δ +

Holomorphic corrections Holomorphic corrections 

The quark mass matrixThe quark mass matrix

d
fi

u

E
v

=

( )id d
fi d u fifi fim v v EY E= +δ +The quark mass matrix The quark mass matrix 

is no longer diagonal in the same basis as the Yukawa is no longer diagonal in the same basis as the Yukawa 
couplingcouplingcouplingcoupling

FlavourFlavour--changing neutral Higgs couplingschanging neutral Higgs couplings
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FlavourFlavour--changing neutral Higgs couplingschanging neutral Higgs couplings



Effective Yukawa couplingsEffective Yukawa couplings
Fi l ltFi l lt

( )i

d eff d LR
ij d ij ij Y

1Y m
v

= δ −Σ%

Final result:Final result:
( )ij j j

dv
d LR d LR
22 Y 33 Yd LR d LR

12 13
d d

0
m m

⎛ ⎞Σ Σ
Σ Σ⎜ ⎟

⎜ ⎟
withwith

2 3d d

d LR d LR
22 Y 33 Yd LR d L* d LR d R d LR d LR d LR

jk Y jf jk Y ki fi Y 21 23

m m

U U 0

⎜ ⎟
⎜ ⎟Σ Σ⎜ ⎟Σ = Σ ≈ Σ − Σ Σ⎜ ⎟

%

2 3

j j j 3
d q

d LR d LR
33 Y 33 Yd LR d LR

m m

0

⎜ ⎟
⎜ ⎟
⎜ ⎟Σ Σ

Σ Σ⎜ ⎟⎜ ⎟
3 3

31 32
d q

0
m m

Σ Σ⎜ ⎟⎜ ⎟
⎝ ⎠
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Diagrammatic explanation in the full theory:Diagrammatic explanation in the full theory:



Higgs vertices in the full theoryHiggs vertices in the full theory

d LRΣ 0
kH

H0
k

H0
k

Aq
23

0
kH

32
dA

0
kH

32Σ kH

v Y q2

23

dv 3dY 32
d LR

A

dv
Σ

32

q2Σq LR
23 A q3 q2

q2

32
d LR

AΣ
3d

d d

dv

d

3

3

d
d dv Y m≠q3

q3 q2

2d

32 A 3d 3d2d

Cancellation incomplete since Cancellation incomplete since 
Part proportional to is left overPart proportional to is left overd LRΣ

3

3

d
d dv Y m≠
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Part proportional to          is left over.Part proportional to          is left over.
AA--terms generate flavorterms generate flavor--changing Higgs couplingschanging Higgs couplings

33YΣ



Radiative flavorRadiative flavor--violationviolation
SU(2)³ flavorSU(2)³ flavor--symmetry in symmetry in 1 0 0⎛ ⎞

⎜ ⎟the MSSM superpotential:the MSSM superpotential:

CKM matrix is the unitCKM matrix is the unit

( )0
CKMV 0 1 0

0 0 1

⎜ ⎟= ⎜ ⎟
⎜ ⎟
⎝ ⎠CKM matrix is the unit CKM matrix is the unit 

matrix.matrix.
0 0 1⎜ ⎟
⎝ ⎠

0 0 0⎛ ⎞
⎜ ⎟Only the third generation Only the third generation 

Yukawa coupling is Yukawa coupling is 
diff fdiff f

q

q

1Y 0 0 0
v

0 0 m

⎜ ⎟
= ⎜ ⎟

⎜ ⎟
⎝ ⎠different from zero.different from zero. 3

q
q0 0 m⎜ ⎟

⎝ ⎠

All other elements are generatedAll other elements are generatedAll other elements are generated All other elements are generated 
radiatively using the trilinear Aradiatively using the trilinear A--terms!terms!
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Features of the modelFeatures of the modelFeatures of the modelFeatures of the model

Additional flavor symmetries in the superpotential.Additional flavor symmetries in the superpotential.
Explains small masses and mixing angles via a loopExplains small masses and mixing angles via a loop--
suppression.suppression.
Deviations from MFV if the third generation is involved.Deviations from MFV if the third generation is involved.
Solves the SUSY CP problem via a mandatory phase Solves the SUSY CP problem via a mandatory phase 
alignment. (Phase of μ enters only at two loops)alignment. (Phase of μ enters only at two loops)
Borzumati, Borzumati, Farrar, Polonsky, Thomas 1999.

The SUSY flavor problem reduces 
to the elements q LR q LRδ δto the elements 
Can explain the Bs mixing phase

32 31,q LR q LRδ δ
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CKM generation in the downCKM generation in the down--sector:sector:gg
!

d LR
13 b ubm VΣ =

!
d LR
23 b cbm VΣ =

Constraints from Constraints from b→sγb→sγ..
ChirallyChirally enhanced corrections enhanced corrections 
must be taken into accountmust be taken into accountmust be taken into account.must be taken into account.
A.C., Ulrich A.C., Ulrich NiersteNierste 20092009

less constrainedless constrained
d LR d LR
31 32,δ δ

d LRδ

less constrained less constrained 
since they contribute to since they contribute to 
C7‘,C8‘.C7‘,C8‘.

31 32,

( ) 2m tan 0 12TeVμ βd LR
32δ can explain the CPcan explain the CP

phase in Bphase in Bss mixing.mixing.
( t ibl i MFV)( t ibl i MFV)

( ) 2
bm tan 0TeVμ =β

( )bm tan 0.12TeVμ =β
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(not possible in MFV)(not possible in MFV) ( ) 2
bm tan 0.12TeVμ =β



Higgs effects: BHiggs effects: B →→μμμμHiggs effects: BHiggs effects: Bss→→μμμμ
50

40

50
Constructive Constructive 
contribution due tocontribution due to

30

40

�

23
d LR

b cbm VΣ =

20

30

ta
n�
Β�

20
b 0.005ε =

b 0.01ε =

200 400 600 800 1000

10
b 0.005ε = −
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mH
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Higgs effects: BHiggs effects: B mixingmixingHiggs effects: BHiggs effects: Bss mixingmixing
0.20

0.15

0.20
Contribution only if Contribution only if 

d RLΣ

0.10

0.15

V
R
�

due to Peccidue to Pecci QuinnQuinn

23
23 0R

b

V
m
Σ

= ≠

0.05

0.10

Im
�V

R

( )

due to Peccidue to Pecci--Quinn  Quinn  
symmetrysymmetry

0.00

0.05( )tan 11=β

( )tan 14=β

�0.05 0.00 0.05 0.10 0.15 0.20

0.00

R

( )tan 17=β

( )β
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Re�VR
�( )tan 20=β



CKM generation in the upCKM generation in the up--sector:sector:gg
!

u LR *
13 t tdm VΣ =13 t td

!
u LR *
23 t cbm VΣ =

Constraints from Constraints from KaonKaon
mixing.mixing.

unconstrained unconstrained 
from FCNC processes.from FCNC processes.

u LR u LR
31 32,δ δ

u LR
31δ can induce a sizable can induce a sizable 

rightright--handed W coupling.handed W coupling.
A.C. 2009A.C. 2009

2M 200GeV= 2M 400GeV=
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2M 800GeV=2M 400GeV=



BR�K �

2.�10�10

2.5�10�10

BR�KL�ΠΝΝ�

M2 600 GeV

M2�400 GeV

M2�200 GeV

1.�10�10

1.5�10�10

2.�10

SM value

M2�800 GeV

M2�600 GeV

Effects in Effects in 
KK

1200 1400 1600 1800 2000 2200 2400
mq
	 in GeV

0

5.�10�11K→K→ππνννν
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1.4�10�10

BR�K
�Π
ΝΝ�

M 400 GeV

M2�200 GeV

Verifiable Verifiable 
predictions predictions 

8.�10�11

1.�10�10

1.2�10�10

M2�800 GeV

M2�600 GeV

M2�400 GeVfor NA62for NA62

1200 1400 1600 1800 2000 2200 2400
mq
	 in GeV

4.�10�11

6.�10�11
SM value
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ConclusionsConclusions
The MSSM possesses many new sources of flavor and CP The MSSM possesses many new sources of flavor and CP 
violationviolation

SelfSelf--energies can be chirally enhanced and of order one.energies can be chirally enhanced and of order one.

FlavourFlavour--conserving nonconserving non--holomorphic corrections induceholomorphic corrections induceFlavourFlavour conserving nonconserving non holomorphic corrections induce holomorphic corrections induce 
flavourflavour--changing neutral Higgs couplings proportional to Achanging neutral Higgs couplings proportional to A--
terms.terms.

SelfSelf--energies have physical effects.energies have physical effects.

Radiative flavorRadiative flavor--violation in the MSSM is a interesting solution violation in the MSSM is a interesting solution gg
to the SUSY CP and SUSY flavor problem.to the SUSY CP and SUSY flavor problem.

Constraints from b→sγ and Kaon mixing are satisfied forConstraints from b→sγ and Kaon mixing are satisfied forConstraints from b sγ and Kaon mixing are satisfied for Constraints from b sγ and Kaon mixing are satisfied for 
SUSY masses O(1TeV).SUSY masses O(1TeV).

Large effects in K→Large effects in K→ππνν are possible.νν are possible.
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Large effects in KLarge effects in K ππνν are possible.νν are possible.

BBss mixing phase can be explained.mixing phase can be explained.


