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Our understanding of fundamental physics

L = Lgauge +LHiggs +LYukawa +
∑
i ,d>4
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Bounds on new physics from flavour

Operator Bound on Λ [TeV] Observables

Re Im

(̄sLγ
µdL)

2 9.8× 102 1.6× 104 ∆mK ; εK

(̄sR dL)(̄sLdR) 1.8× 104 3.2× 105 ∆mK ; εK

(c̄Lγ
µuL)

2 1.2× 103 2.9× 103 ∆mD ; |q/p|,φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 ∆mD ; |q/p|,φD

(b̄Lγ
µdL)

2 5.1× 102 9.3× 102 ∆mBd
; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 ∆mBd
; SψKS

(b̄Lγ
µsL)

2 1.1× 102 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 ∆mBs

[I sid ori , N ir, Perez 1002. 0900]

L = LSM +
∑
i

O
(d)
i

Λ4−d
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The flavour puzzle
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TeV scal e N P req u ires weakl y broken fl avou r sym m etry

ΛNP?
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Yu = U†
Qu

yu
yc

yt

UU Yd = U†
Qd

yd
ys

yb

UD

Minimal Flavour Violation

Yu ∼ (3, 3̄, 1) Yd ∼ (3, 1, 3̄)

U(3)QL
⊗ U(3)UR

⊗ U(3)DR
→ U(1)B

[D' Am brosio et al . (2002) ]

. . . + m in im al sym m etry breakin g

A con ven ien t basis

M FV = M axim al fl avou r sym m etry . . .

LSM ⊃ q̄L(i /D)qL + ūR(i /D)uR + d̄R(i /D)dR − Y i j
d q̄i

Lhd j
R − Y i j

u q̄i
Lh̃uj

R
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Yu = U†
Qu

yu
yc

yt

UU Yd = U†
Qd

yd
ys

yb

UD

Minimal Flavour Violation

Yu ∼ (3, 3̄, 1) Yd ∼ (3, 1, 3̄)

U(3)QL
⊗ U(3)UR

⊗ U(3)DR
→ U(1)B

[D' Am brosio et al . (2002) ]

. . . + m in im al sym m etry breakin g

A con ven ien t basis

M FV = M axim al fl avou r sym m etry . . .

LSM ⊃ q̄L(i /D)qL + ūR(i /D)uR + d̄R(i /D)dR − Y i j
d q̄i

Lhd j
R − Y i j

u q̄i
Lh̃uj

R

V †
CKM
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Consequences of MFV

[
YuY

†
u

]n
i 6=j

= y 2n
t V ∗tiVtj

‖Yd‖ � 1

d̄Liγµ
[
YuY †u + YdY †d + . . .

]
i j

dLj ∼ d̄Liγµ
[
y 2
t V ∗ti Vtj

]
dLj

d̄Riσµν

[
YdY †u Yu + . . .

]
i j

dLj ∼ d̄Riσµν

[
ydi V

∗
ti Vtj

]
dLj

• sam e CKM su ppression of al l am pl itu d es as in th e SM
• n o righ t-h an d ed FCN Cs

Al l operators h ave to be form al l y in varian t u n d er th e fl avou r sym m etry.

⇒ e.g.
1

Λ2
NP

(d̄Liγµ
[
y 2
t V ∗

ti Vtj

]
dLj)

2 → ΛNP ¦ 5TeV
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m̃2
QL

= m̃2
(
a11 + b1YUY

†
U + b2YDY

†
D + . . .

)
m̃2

UR
= m̃2

(
a21 + b5Y

†
UYU + . . .

)
m̃2

DR
= m̃2

(
a31 + b6Y

†
DYD + . . .

)
AU = A

(
a41 + b7YDY

†
D + . . .

)
YU

AD = A
(
a51 + b8YUY

†
U + . . .

)
YD

can be com pl ex → EDM s

Example: MFV in supersymmetry

d egen eracy & al ign m en t
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Why U (2)3?

(  ,      ,             )

(  ,      ,          )

|VCKM| ∼

U(2)3 ⇒ m1,2
u,d = 0, Vi3,3i = 0
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Why U (2)3?

100 GeV

1 TeV

10 TeV
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U (2)3 and its breaking

U(2)QL
⊗ U(2)UR

⊗ U(2)DR

M axim al fl avou r sym m etry

qL =

(
q1
L

q2
L

)
∼ (2, 1, 1)

uR =

(
u1
R

u2
R

)
∼ (1, 2, 1)

dR =

(
d1
R

d2
R

)
∼ (1, 1, 2)

q3
L, u

3
R , d

3
R ∼ 1
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U (2)3 and its breaking

Yu = yt

(
0 0
0 1

)
Yd = yb

(
0 0
0 1

)Resu l tin g Yu kawas:

M axim al fl avou r sym m etry

U(2)QL
⊗ U(2)UR

⊗ U(2)DR
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∆Yu ∼ (2, 2̄, 1) ∆Yd ∼ (2, 1, 2̄)

(yu, yc , θu) (yd , ys , θd)

U (2)3 and its breaking

U(2)QL
⊗ U(2)UR

⊗ U(2)DR
→ U(1)B

Yu = yt

(
∆Yu 0
0 1

)
Yd = yb

(
∆Yd 0
0 1

)Resu l tin g Yu kawas:

M axim al fl avou r sym m etry

M in im al + weak breakin g
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∆Yu ∼ (2, 2̄, 1) ∆Yd ∼ (2, 1, 2̄) V ∼ (2, 1, 1)

(yu, yc , θu) (yd , ys , θd) (Vcb,Vts)

U (2)3 and its breaking

U(2)QL
⊗ U(2)UR

⊗ U(2)DR
→ U(1)B

Yu = yt

(
∆Yu xt V
0 1

)
Yd = yb

(
∆Yd xb V
0 1

)Resu l tin g Yu kawas:

M axim al fl avou r sym m etry

M in im al + weak breakin g
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∆Yu ∼ (2, 2̄, 1) ∆Yd ∼ (2, 1, 2̄) V ∼ (2, 1, 1)

(yu, yc , θu) (yd , ys , θd) (Vcb,Vts)

U (2)3 and its breaking

U(2)QL
⊗ U(2)UR

⊗ U(2)DR
→ U(1)B

Yu = yt

(
∆Yu xt V
0 1

)
Yd = yb

(
∆Yd xb V
0 1

)Resu l tin g Yu kawas:

M axim al fl avou r sym m etry

M in im al + weak breakin g

|Vus | ∼ θu − θd
|Vtd/Vts | ∼ θd
|Vub/Vcb| ∼ θu
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U (2)3 and its breaking

A con ven ien t basis

Yu = U†
Qu

(
yu

yc

)
UU Yd = U†

Qd

(
yd

ys

)
UD V = UQV

(
0
ε

)
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U (2)3 and its breaking

Y diag
u,d = Uu,dL yt,b

(
∆Yu,d xt,b V

0 1

)
U†

u,dR

U∗
uLU

T
dL = VCKM Uu,dR = 1 +O(yc |Vcb|)

A con ven ien t basis

Yu = U†
Qu

(
yu

yc

)
UU Yd = U†

Qd

(
yd

ys

)
UD V = UQV

(
0
ε

)

Uu,dL =

(
UQu,d

0
0 1

)
× R23
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U (2)3: consequences for∆F = 2

qL =

(
qL
q3L

)
, uR =

(
uR
tR

)
, dR =

(
dR
bR

)
,

e.g. q̄LiγµXi j qLj ≈ a q̄3Lγµq3L + b q̄LγµqL

+ c q̄3Lγµ(V
†qL) + c∗ (q̄LV )γµq3L + d (q̄LV )γµ(V

†qL) + . . .

cB
LLe iφB (VtbV ∗

ti )
2(d̄LiγµbL)

2

cK
LL(VtbV ∗

ti )
2(d̄LγµsL)

2

(cf. U(3)3 : cBLL = cKLL,φB = 0)

Universal, CPV contribution to Bd ,s mixing

Universality with K system broken

As in M FV, expan sion in spu rion s to obtain operors in varian t u n d er th e sym m etry

Resu l tin g effects in operators rel evan t for m eson m ixin g:
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εK = εSMK × (1 + hK )

SψKS
= sin

[
2β + arg

(
1 + hBe iφB

)]
Sψφ = sin

[
2|βs | − arg

(
1 + hBe iφB

)]
∆Md

∆Ms
=

(
∆Md

∆Ms

)SM

U (2)3: consequences for∆F = 2

hK ,B ≈ 1.08 cK ,B
LL

[
3TeV

Λ

]2

CPV in K -K̄ mixing

CPV in Bd -B̄d mixing

CPV in Bs -B̄s mixing
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εK = εSMK × (1 + hK )

SψKS
= sin

[
2β + arg

(
1 + hBe iφB

)]
Sψφ = sin

[
2|βs | − arg

(
1 + hBe iφB

)]
∆Md

∆Ms
=

(
∆Md

∆Ms

)SM
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U (2)3: consequences for∆F = 2

hK ,B ≈ 1.08 cK ,B
LL

[
3TeV

Λ

]2
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Possible tension in CKM �ts between |εK |
and sin(2β) can be solved (in constrast to
U(3)3 case)
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c7γe iφ7γ VtbV ∗
ti mb(d̄LiσµνbR)eFµν

cB
L e iφLVtbV ∗

ti (d̄LiγµbL)(̄lLγµlL)

cK
L VtsV

∗
td(d̄LγµsL)(ν̄LγµνL)

Universal, CPV contribution to B decays

Real contribution to K decays

CPV also in chirality conserving operators

U (2)3: consequences for∆F = 1

q̄LiXi jdRj ≈ λb (ad q̄3LbR + bd (q̄LV )bR + cd q̄L∆YddR)

For ∆F = 1 processes, also chirality breaking bilinears are relevant (b → sγ)

Resu l tin g effects in (sel ected ) operators rel evan t for B an d K d ecays:
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bL ↔ qL sL ↔ dL bR ↔ qL

U(3)3 R ↔ R C

U(2)3 C R C

Relevant

processes

B0
q -B̄

0
q K 0-K̄ 0 b → sγ

b → sl l̄ , νν̄ K → πνν̄ b → sl l̄

U (2)3: comparison with MFV

As in M FV
• sam e CKM su ppression of al l am pl itu d es as in th e SM
• n o righ t-h an d ed FCN Cs
• u n iversal ity in b → s vs. b → d

Differen t from M FV
• correl ation between B & K broken
• CP viol ation al so in ch iral ity con servin g bi l in ears
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U (2)3 vs. MFV at large tanβ

U(3)3
yt ,yb→ U(2)3

Comments on MFV at large tanβ

Nomenclature:

�GMFV� = MFV + large tanβ + CPV phases outside the spurions

In MFV + large tanβ, the spurion structure is minimal (∆Yu,d + V )

⇒ Same structure of FCNCs as in general U(2)3 with minimal breaking

⇒ MFV + large tanβ is a special case of general U(2)3

(

)

At large tanβ, the 3rd generation Yukawas e�ecively break

[Kagan , Perez, Vol an sky, Zu pan (2009) ]

[Fel d m an n , M an n el (2008) , . . . ]
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1st/2n d gen eration sferm ion s h eavy
• m ost stron gl y con strain ed by LH C
• CP probl em d u e to 1-l oop con tribu tion s to EDM s
• stron g bou n d from K m ixin g on 1-2 tran sition s

100 GeV

1 TeV

10 TeV

3rd gen eration sferm ion s l igh t
• stops an d LH sbottom n eed ed to sol ve th e h ierarch y probl em
• B m ixin g con strain ts l ess strin gen t

U (2)3 and natural SUSY

101

102

103

10 4

105
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U (2)3 and natural SUSY

h ttp: //arxiv. cu l tu rom ics. org/
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U (2)3 and natural SUSY

W d
L =

 cd κ∗ −κ∗sLe
iγL

−κ cd −cdsLe
iγL

0 sLe
−iγL 1

 (W d
R )i j ≈ δi j

m2
Q̃
= m2

Qh

 1 + cQvV
∗VT + . . . xQe

−iφQV ∗

xQe
iφQVT m2

Ql
/m2

Qh


etc.

U(2)QL
⊗ U(2)UR

⊗ U(2)DR
→ U(1)B

Form of th e soft term s:

Con seq u en ce: fl avou r-viol atin g gau gin o vertices
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ξLe
iγL = (W d

L )
∗
33(W

d
L )23

F0

(
m2

g̃

m2
b̃L

)
> 0

U (2)3 and SUSY:∆F = 2

εK = εSMK × (1 + hK ) hK = ξ4LF0

SψKS
= sin

[
2β + arg

(
1 + hBe

iφB

)]
hB = ξ2LF0

Sψφ = sin
[
2|βs | − arg

(
1 + hBe

iφB

)]
φB = −2γL

-0.2 0.0 0.2 0.4
0.0

0.1

0.2

0.3

0.4

0.5

Ρ

Η

⇒ hK > 0, i.e. the contribution to εK
has the right sign to �x the possible CKM
tension
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U (2)3 and SUSY:∆F = 2
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Fit of CKM matrix + F0, ξL: not too heavy sbottom, gluino preferred

[Barbieri , I sid ori , J on es-Pérez, Lod on e, DM S (2011) ]
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U (2)3 and SUSY:∆F = 1

∝ ξLe
iγL f

(
m2

g̃

m2
b̃

)
→

Al so: CP viol atin g effects in (ch rom o-) m agn etic pen gu in operators
[Barbieri , Cam pl i , I sid ori , Sal a, DM S (2011) ]
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L ⊃ εLq̄LOL + εR ūROR + mOLOR

Composite Higgs & Partial compositeness

An al tern ative sol u tion to th e h ierarch y probl em
+ an in terestin g approach to th e fl avou r probl em

mρ ¦ 20TeV

Yi j ∝ εiL(Y
∗
i j )ε

j
R

∝
g 2
ρ

m2
ρ

εdLεdR εsLεsR ∝
g 2
ρ

m2
ρ

mdms

[Csaki , Fal kowski , Wei l er (2008) ]

I n con fl ict with n atu ral n ess. Fl avou r sym m etry for th e stron g sector?
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εRu ∝ 1

εRd ∝ 1

εLu ∝ Yu ∼ (3, 3̄, 1)

εLd ∝ Yd ∼ (3, 1, 3̄)

Sim pl ified pictu re: ferm ion ic partn ers for al l SM ferm ion s

Fl avou r-in varian t stron g sector
Fl avou r viol ation on l y in com posite-el em en tary m ixin g

Lmix = mρ

(
ŪLεRuuR + D̄LεRddR + q̄LεLuQu

R + q̄LεLdQd
R

)
+ h.c.

Composite MFV

[Red i , Wei l er (2011) ]

U(3)q × U(3)U+u × U(3)D+d

Righ t-h an d ed com positen ess Left-h an d ed com positen ess

εRu ∝ Yu ∼ (3, 3̄, 1)

εRd ∝ Yd ∼ (3, 1, 3̄)

εLu ∝ 1

εLd ∝ 1

U(3)q+U+D × U(3)u × U(3)d
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Composite MFV: FCNCs

Tree-l evel FCN Cs: on l y in righ t-h an d ed com positen ess

εRu ∝ 1

εRd ∝ 1

εLu ∝ Yu ∼ (3, 3̄, 1)

εLd ∝ Yd ∼ (3, 1, 3̄)
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U (3)3 EFT vs. CHM

bL ↔ qL sL ↔ dL bR ↔ qL

U(3)3 EFT R ↔ R C

U(3)3 R-comp. R ↔ R 0

U(3)3 L-comp. 0 0 0

U(2)3 EFT C R C

Relevant processes
B0

q -B̄
0
q K 0-K̄ 0 b → sγ

b → sl l̄ , νν̄ K → πνν̄ b → sl l̄
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εRu ∝ 1

Composite MFV

On e ch iral ity of al l (1, 2, 3) u p q u arks h as to be stron gl y com posite!
Th is wi l l soon be probed by d i j et search es at LH C.

εLu ∝ 1

Sizabl e top Yu kawa req u ires l arge top com positen ess

yt ∼ ε3Lu YU ε3Ru

Righ t-h an d ed com positen ess Left-h an d ed com positen ess

No problem in U(2)3!

Alternative: U(3)2 × U(2) [Red i arXiv: 1203. 4220]
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U (2)3 in Composite Higgs Models

L R-comp
mix

(U(2)3) ≈ mρ×[
εRd (Ad B̄LbR + Bd D̄LdR) + εLd (ad q̄3LQd

3R + bd (q̄LV )Qd
3R + cd q̄L∆Yd Qd

R)
]

+ h.c.+ (d → u)

∆Yu ∼ (2, 2̄, 1) ∆Yd ∼ (2, 1, 2̄) V ∼ (2, 1, 1)

U(2)q × U(2)U+u × U(2)D+d

Left-h an d ed com positen ess

U(2)q+U+D × U(2)u × U(2)d

εRu,d ∝ diag(A,A,B)

εLu,d ∝ yt,b

(
∆Yu,d xt,b V

0 1

)

Righ t-h an d ed com positen ess

Exam pl e: com posite-el em en tary m ixin g in RH com positen ess
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Composite U (2)3: FCNCs

Tree-l evel FCN Cs: th is tim e, al so in l eft-h an d ed com positen ess!

Differen t stron g in teraction s in th e two cases l ead to fl avou r viol ation after rotatin g
to th e m ass basis for th e extern al q u arks
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U (2)3 vs. U (3)3 in CHM

bL ↔ qL sL ↔ dL bR ↔ qL

U(3)3 EFT R ↔ R C

U(3)3 R-comp. R ↔ R 0

U(3)3 L-comp. 0 0 0

U(2)3 EFT C R C

U(2)3 R-comp. C R 0

U(2)3 L-comp. R R C

Relevant processes
B0

q -B̄
0
q K 0-K̄ 0 b → sγ

b → sl l̄ , νν̄ K → πνν̄ b → sl l̄
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Outline

• The �avour puzzle

� Recap of Minimal Flavour Violation

• U(2)3 �avour symmetry

� Generic e�ective �eld theory approach

� Supersymmetry

� Composite Higgs models

� Bounds from ∆F = 1, 2 processes

� Extension to the lepton sector

• Conclusions
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∑
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Result of Bayesian �t of CKM Wolfenstein parameters + cK ,B
LL , φB to all relevant

experimental constraints including εK , SψKS
, φs

U (2)3: allowed effects in∆F = 2
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U (2)3: allowed effects in∆F = 2
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+
∑
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cB
LLe iφB

Λ2
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2

(
d̄ i
LγµbL

)2
+ h.c. ,

Result of Bayesian �t of CKM Wolfenstein parameters + cK ,B
LL , φB to all relevant

experimental constraints including εK , SψKS
, φs
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φi = 0 in U(3)3
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Heff =
∑
i=d ,s

ξib

[
c7γe iφ7γ

Λ2
mb

(
d̄ i

LσµνbR

)
eFµν +

c8g e iφ8g

Λ2
mb

(
d̄ i

LσµνT abR

)
gs Gµν a

+
cLe iφL

Λ2

(
d̄ i

LγµbL

) (̄
lLγµlL

)
+

cR e iφR

Λ2

(
d̄ i

LγµbL

)
(ēRγµeR )+

cH e iφH

Λ2

v2

2

(
d̄ i

LγµbL

) g

cw
Zµ

]
+h.c. ,

• O(1) e�ects possible for NP scale of 3 TeV ≈ 4πv
• In ∆F = 1, larger e�ects allowed than in U(3)3 due to additional phases

U (2)3: allowed effects in∆F = 1
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� Recap of Minimal Flavour Violation
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� Extension to the lepton sector
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Extension to the lepton sector

(  ,      ,             )

(  ,      ,          )

|VCKM| ∼

( , ,         ) ( (
Charged lepton masses �t into U(2) picture � Mixings don't
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Extension to the lepton sector

U∗
uLU

T
dL = VCKM U∗

νU
T
eL = VPMNS

mν = −v 2

2

Y T
ν Yν

MNR

Ye = U†
eL

ye
yµ

yτ

UeR

UeL comes from the diagonali-
zation of the charged lepton
Yukawa

In the see-saw mechanism, Uν comes from
the diagonalization of the neutrino Majo-
rana mass matrix

mν = UT
ν

mν1e
iφ1

mν2e
iφ2

mν3

Uν

We assume that charged leptons (Ye) behave as quarks and that the large
neutrino mixing is caused by Yν and/or MNR

For a m ore com pl ete m od el in cl u d in g al so n eu trin o m asses, see [Bl an ken bu rg, I sid ori & J on es-Pérez (2012) ]
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U (2)2 in the lepton sector

∆Ye ∼ (2, 2̄) Ve ∼ (2, 1)

U(2)LL ⊗ U(2)ER

Y diag
e = UeL yτ

(
∆Ye xt,b Ve

0 1

)
U†

eR

U∗
νU

T
eL = UPMNS

Th e l epton fl avou r sym m etry

is broken m in im al l y by th e spu rion s

Resu l tin g Yu kawas
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U (2)2 in the lepton sector

l̄TR

(
a ∆Ye b Ve

0 c 1

)
lL

Lead s to fl avou r viol ation after rotation to th e m ass basis of extern al ch . l epton s

Y diag
e = UeL yτ

(
∆Ye xt,b Ve

0 1

)
U†

eR

Ch iral ity breakin g, fl avou r ch an gin g bi l in ears h ave sam e spu rion stru ctu re, bu t
d ifferen t O(1) coefficien ts

cτU3i∗
eL U3τ

eL mτ (ēLiσµντR) eFµν

cµU3e∗
eL U3µ

eL mµ (ēLσµνµR) eFµν
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U (2)2 in the lepton sector: SUSY

Example: LFV in SUSY U(2)3

µ→ eγ :
|W 23∗

L W 13
L |

|VtsV ∗
td |

< 0.6×
[

ml̃3L

500GeV

]2 [
10

tanβ

]
τ → eγ :

|W 33∗
L W 13

L |
|VtbV ∗

td |
< 1.2×

[
ml̃3L

500GeV

]2 [
10

tanβ

]
τ → µγ :

|W 33∗
L W 23

L |
|VtbV ∗

ts |
< 0.3×

[
ml̃3L

500GeV

]2 [
10

tanβ

]
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U (2)2 in the lepton sector: SUSY

[Bl an ken bu rg, I sid ori & J on es-Pérez, arXiv: 1204. 0688]
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Conclusions

A weakly and minimally broken U(2)3 �avour symmetry . . .

• provides an e�ective protection mechanism for FCNCs beyond the SM

• could accomodate possible non-standard CPV in ∆F = 2

• is compatible with natural SUSY (hierarchical sfermions)

• can be implemented in composite Higgs models, evading LHC bounds
more easily than composite MFV

• can be extended to the lepton sector, predicting potentially sizable LFV

decays
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Backup

extra sl id es
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CKM fit: inputs

|Vud | 0.97425(22) fK (155.8± 1.7) MeV

|Vus | 0.2254(13) B̂K 0.737± 0.020

|Vcb| (40.6± 1.3)× 10−3 κε 0.94± 0.02

|Vub| (3.97± 0.45)× 10−3 fBs

√
B̂s (288± 15) MeV

γCKM (74± 11)◦ ξ 1.237± 0.032

|εK | (2.229± 0.010)× 10−3 ηtt 0.5765(65)

SψKS
0.673± 0.023 ηct 0.496(47)

∆Md (0.507± 0.004) ps−1 ηcc 1.87(76)

∆Ms/∆Md (35.05± 0.42)

φs −0.002± 0.087
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Conclusions



D a vi d S tra u b ( S cu ol a N orm a l e S u p eri ore, P i sa ) LAPTh Sem i n ar, An n ecy

q3L Qd

3 B bR

〈H〉

qL Qd

3 B bR

〈H〉

V

qL Qd D dR

〈H〉

∆Yd

U (2)3 in Composite Higgs Models




