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LHCb results

There were hopes to �nd 
lear signals of NP in Sψφ and B(B
s

→ µ+µ−) , but. . .
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Figure: LHCb Collab: PRL 108 (2012), LHCb-CONF-2012-002, Phys. Lett. B 708

(2012), 1203.4493
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Tensions in the Flavour data

SψK
S

− |ε
K

| tension ←→ |V
ub

| problem

SM: SψK
S

= sin 2β, |ε
K

| ∝ sin 2β|V

b

|4: 3.2σ dis
repan
y

[Buras, Guandagnoli, Phys. Rev. D 78 (2008), Lunghi, Soni, Phys. Lett. B 708 (2012)℄
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Going beyond the SM

Great su

ess of Cabibbo Kobayashi Maskawa pi
ture

⇒ Strong 
onstraints on �avour stru
ture of NP models

Remainder of the talk:

1

Constraint Minimal Flavour Violation (CMFV):

CKM matrix is the only sour
e of �avour and CP violation

only SM operators are relevant below ele
troweak s
ale

2

U(2)3 models: third generation is spe
ial

[Pomarol, Tommasini: hep-ph/9507462; Barbieri, Dvali, Hall: hep-ph/9512388;

Barbieri, Buttazzo, Isidori, Jones-Perez, Lodone, Sala, Straub: 1105.2296, 1108.5125,

1203.4218, 1203.4218; Nierste, Crivellin, Hofer: 1111.0246, 0810.1613;

Buras, JG: 1206.3878℄

Simplest non-MFV extension of the SM

3

SUSY-SO(10)-GUT: CMM model as an alternative to MFV

[Chang, Masiero, Murayama: hep-ph/0205111;

JG, Jäger, Knopf, Martens, Nierste, S
herrer, Wiesenfeldt: 1101.6047℄

Jennifer Girrba
h TUM-IAS 30.06�04.07. 2012 FLASY12 Dortmund 5/16



Phenomenologi
al 
onsequen
es of CMFV

no new phases:

ϕ
K

= ϕ
B

d

= ϕ
B

s

= 0 ⇒ SψK
S

= sin 2β , Sψφ = sin 2|β
s

|

∆M

s,d and |ε
K

| 
an only be enhan
ed relative to SM (
orrelated)

only ex
lusive |V
ub

|: SψK
S

as in SM and |ε
K

| 
an be enhan
ed, but problem

with ∆M

d,s [Buras, JG: 1204.5064℄
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U(2)3 model → 3rd generation is spe
ial

[see talk: F. Sala on Monday℄

Global �avour symmetry G

F

= U(2)
Q

× U(2)
u

× U(2)
d

broken minimally by

three spurions

∆Y

u

= (2, 2, 1) , ∆Y

d

= (2, 1, 2) , V = (2, 1, 1)

motivated by observed pattern of quark masses and mixings

natural embedding for SUSY with heavier 1st/2nd gen. and light 3rd gen.

of squarks

general 
onsequen
es of U(2)3 and breaking pattern 
on
erning ∆F = 2

K system governed by MFV stru
ture (no new phases: ϕ
K

= 0)

Corre
tions in B

d,s system proportional to CKM stru
ture of SM and

universal: (C

B

d

= C

B

s

=: r
B

)

new (universal) phase only in B

d,s system ϕ
d

= ϕ
s

= ϕ
new

These three 
ondition + assumption: only SM operators relevant: MU(2)3
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Phenomenology in MU(2)3

∆F = 2 observables: [Buras, JG: 1206.3878℄

SψK
S

= sin(2β + 2ϕ
new

) , Sψφ = sin(2|β
s
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) ,

∆M
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+
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K
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S
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Phenomenology in MU(2)3

∆F = 2 observables: [Buras, JG: 1206.3878℄
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Con
rete SUSY-SO(10)-GUT:

CMM model
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Flavour and SUSY GUTs

Flavour mixing:

(left-handed) quarks: CKM matrix

V

CKM

=





② t ♣

t ② q

♣ q ②





neutrinos: PMNS matrix

U

PMNS

≈




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✉ ✇ ✇

✉ ✇ ✇





SU(5) multiplets link quarks to leptons
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

.

Idea of Chang, Masiero, Murayama; Moroi

neutrino mixing angle θ
23

≈ 45

◦
indu
e large b̃

R

− s̃

R

- and τ̃
L

− µ̃
L

-mixing

⇒ new b

R

→ s

R

transitions from gluino-squark loops possible



Flavour stru
ture CMM model

Key ingredients: weak basis with

Y

d

= Y

⊤
ℓ = V

⋆
CKM





y

d

0 0

0 y

s

0

0 0 y

b





U

D

, U

D

= U

∗
PMNS

diag(1, e iξ, 1)

and right-handed down squark mass matrix:

m

2

d̃

(M
Z

) = diag

(

m

2

d̃

1

,m2

d̃

1

,m2

d̃

1

(

1−∆
d̃

)

)

∆
d̃

∈ [0, 1]: relative mass splitting ⇒

As in U(2)3 models: heavy 1st/2nd squark gen. but light 3rd gen.



Flavour stru
ture CMM model
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R
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ts CP violation only in B

s
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s

mixing! Di�erent in U(2)3 models



CMM model � short overview

More te
hni
al: SO(10) superpotential [Chang, Masiero, Murayama 03℄
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CMM model � short overview

More te
hni
al: SO(10) superpotential [Chang, Masiero, Murayama 03℄
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Symmetry breaking via SU(5)

SO(10)

〈16
H

〉,〈16
H

〉
−−−−−−−−→

〈45
H

〉
SU(5)

〈45
H

〉
−−−→ G

SM

〈10
H

〉, 〈10′
H

〉
−−−−−−−−→ SU(3)

C

× U(1)

em

PMNS rotation is transferred to the (s)quark se
tor

Nonrenormalizable term ∝ Y

2

term gives naturally

small tanβ and determines whole �avour stru
ture
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Flavour pro
esses with typi
al CMM e�e
ts

neutrino mixing angle θ
23

≈ 45

◦

onne
ts 2

nd

and 3

rd

generation


orrelations between observables in quark- and lepton-se
tor

B
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τ → µγ

τ µ

µ̃
L

χ̃0

τ̃
L

γ

B (τ → µγ) ≤ 4.4 · 10−8



Flavour pro
esses with typi
al CMM e�e
ts

neutrino mixing angle θ
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≈ 45

◦

onne
ts 2
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and 3
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generation


orrelations between observables in quark- and lepton-se
tor
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b̃

R

γ

τ → µγ

τ µ

µ̃
L

χ̃0

τ̃
L

γ

B (τ → µγ) ≤ 4.4 · 10−8

What about B

s

→ µ+µ−
? ⇒ CMM 
ontributions are negligible X

CMM e�e
ts in K−K , ε
K

, B

d

−B
d

, µ→ eγ are suppressed, but small


orre
tions due to dim-5-Yukawa terms needed to �x Y

d

= Y

⊤
ℓ for 1st/2nd

gen. [Trine,Wiesenfeldt,Westho�: 0904.0378℄



Phenomenology

Global analysis in
luding RG evolution: Only 7 input paramters
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m

g
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bla
k : m

2

f̃

< 0, unstable va
uum

darkblue : ex
luded by B

s

− B

s

blue : ex
luded by B(b → sγ):

��- 3.15 · 10−4

light blue : ex
luded by B(τ → µγ):

rrr 2.7 ·10−8

green : 
ompatible with B

s

− B

s

, b →
sγ, τ → µγ

mass of the lightest Higgs m

h

& 115 GeV for tanβ ≥ 6 → Update needed!



Summary of CMM model
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Summary

|V
ub

|: situation un
lear → need tree-level determination

Triple 
orrelation Sψφ − SψK
S

− |V
ub

|: 
ru
ial test of MU(2)3 s
enario
(small dependen
e on γ)

Further test on these MU(2)3 models: ε
K

and ∆M

d,s

Negative Sψφ is possible in MU(2)3 in 
ase of low (ex
lusive) |V
ub

| but then
a 25% enhan
ement of ε

K

is needed
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Let's see what LHC will unveil about nature
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Ba
kup Slides
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Phenomenology in MU(2)3

∆F = 2 observables: [Buras, JG: 1206.3878℄

SψK
S

= sin(2β + 2ϕ
new

) , Sψφ = sin(2|β
s

| − 2ϕ
new

) ,

∆M

s,d = ∆M

SM

s,d rB , ε
K

= r

K

εSM,tt

K

+ εSM,

+
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S

(0.639 blue,

0.679 red, 0.719 green) 
orre-

lation between B(B+ → τ+ντ )
and Sψφ; F

B

+ = (190.6 ±
9.2) MeV
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New ben
hmark s
enario

7 input parameters at M

SO(10)

: m

2

0

m

g̃

D a

0

argµ ξ (tanβ)

alternatively: inputs at M

ew

: m

ũ

1

m

d̃

1

m

g̃

a

d

1

argµ ξ (tanβ)

generi
 MSSM mSUGRA/CMSSM CMM model

≈ 120 parameters 4 parameters & 1 sign 7 input parameters

SUSY �avour & CP problem

minimize �avour


lear �avour stru
ture

violation ad-ho


no universality universality at M

GUT

universality at M

Pl

but broken at M

GUT

quarks & leptons unrelated quark-lepton-interplay
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Mass splittings
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= 1 −m
2

d̃
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/m2

d̃

2

among the bilinear soft terms for

the right-handed squarks of the se
ond and third generations with tan β = 3 (left) and 6

(right) in the M

q̃

(M
Z

)− ad
1

(M
Z

)/M
q̃

(M
Z

) plane for sgnµ = +1.
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Perturbativity of y

t
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ements
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≈ 2.7
tan β = 4.5

t

M

Z

t

GUT

t

SO(10)

t

Pl

y

t

has a quasi-�xed point y

2

t

/g2 = 55/56 ≃ 1 in SO(10) (for tanβ



≃ 2.7)

tanβ < 2.7⇒ y

t

blow-up below M

Pl

; tanβ > 2.7⇒ y

t

stays perturbative

to test CMM: maximize �avour e�e
ts (large ∆
d̃

, i.e. large y

t

, small tanβ)

CMM model: 2.7 . tanβ . 10
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Higgs mass 
onstraint

For small tanβ lower bound from LEP: m

h

≥ 114.4 GeV

MSSM: Higgs h

0

tends to be light at tree level: m

h

≤ M

Z

| 
os(2β)|


orre
tions ∆m

2

h

∝ m

4

t

ln

(

m

2

t

/m2

t̃

)

⇒ (too) small for large y

t

, be
ause of

RG evolution (small stop mass m

2

t̃

)

larger tanβ redu
es y

t

and size of �avour e�e
ts


ould be relaxed by allowing the Higgs multiplets to have di�erent

Plan
k-s
ale masses from the sfermions (similarly to the non-universal Higgs

model (NUHM))

small tanβ ⇔ large �avor e�e
ts ⇔ (too) light h

0

larger tanβ ⇔ smaller �avor e�e
ts ⇔ su�
iently heavy h

0
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Example point
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=1273 GeV, m

0

=1430 GeV, m

g̃

=184 GeV M

Pl

SO(10) & SU(5) RGE

−−−−−−−−−−−−−→ M

GUT

^

~

A

u

(M
GUT

)=




0 0 0

0 0 0

0 0 46


GeV,

^

~

A

d

(M
GUT

)=




0 0 0

0 0 0

0 0.3 −3.5


GeV,

^

~

Aν (M
GUT

)=




0 0 0

0 0 0

−0.0013 0.0023 43.4


GeV, non-universal at M

GUT

m

Φ̃
(M

GUT

)=diag(1426,1426,1074) GeV

m

Ψ̃
(M

GUT

)=diag(1444,1444,1077) GeV

MSSM RGE

−−−−−−−→

m

Ñ

(M
GUT

)=diag(1459,1459,1078) GeV

m

H

u

(M
GUT

)=1126 GeV, m

H

d

(M
GUT

)=1446 GeV

m

g̃

(M
GUT

)=211 GeV

non-universal at M

GUT

m

g̃

1

=83 GeV m

g̃

2

=165 GeV µ=629 GeV

m

χ̃
0

i

=(640, 632, 159, 81) GeV m

2

H

d

=(1432 GeV)2

m

χ̃
±

i

=(640, 159) GeV m

2

H

u

=−(575 GeV)2

M

l̃

i

=(1427, 1427, 1074, 1462, 1462, 1095) GeV

M

ũ

i

=(1519, 1519, 934, 1501, 1501, 485) GeV

M

d̃

i

=(1519, 1519, 908, 1498, 1498, 1164) GeV



RG evolution

2-loop RGE in MSSM, 1-loop RGE in SU(5) and SO(10)

relate Plan
k-s
ale inputs to a set of low-energy inputs:

masses of RH up- and down-squarks of 1st gen. m

ũ

1

, m
d̃

1

trilinear term a

d

1

of 1st gen.

gluino mass m

g̃

argµ and tanβ

RG evolution from M

ew

to M

Pl

: �nd universal soft terms a

0

, m

0

, m

g̃

and D

RG evolution ba
k to M

ew

: 
al
ulate |µ| from ele
troweak symmetry

breaking

Repeat RG evolution: M

ew

→ M

Pl

→ M

ew

: �nd all parti
le masses and

MSSM 
ouplings

adjust CP phase ξ to �t data (enters RGE via U

D

) and 
al
ulate observables
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Universality of SUSY breaking

Assumption of the model:

SUSY is broken �avour blind at M

Pl

⇒ Universality of soft- und trilinear terms.

In this sense it is "minimal �avour violating�.

L
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45
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M
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+
1
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i

A

ij

N

1̃6

j

16

H
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H

M

Pl

+h.
.
)
,

m

2

1̃6

i

=m2

0

1 , m

2

1̃0

H

=m2

1̃0

H

′
=m2

4̃5

H

=m2

1̃6

H

=m2

1̃6

H

=m2

0

,

A

1

=A
0

Y

1

, A

2

=A
0

Y

2

, A

N

=A
0

Y

N

,

radiative 
orre
tions lead to a nonuniversal sfermion mass matrix at the GUT

s
ale (diagonal in U-basis) [Hall, Kostele
ky, Raby 86; Barbieri, Hall, Strumia95℄

m

2

1̃6

3

= m

2

0

−∆

m

2

1̃6

1

≈ m

2

1̃6

2

= m

2

0

+ δ
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B

s

−B
s

mixing

M

s
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√
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PSfrag repla
ements
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Figure: SM, exp. data , SM+CMM

(Illustration not to s
ale).
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