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Why is CKM so good?

Flavour: excellent agreement between data and CKM picture

In other words: ∆L =
∑

i

1

Λ2
i

Oi ⇒ Λi & 103 ÷ 104 TeV

Possible way out: ∆L =
∑

i ξi
ci
Λ2
i

Oi

with ci ∼ O(1) and ξi small due to some flavour symmetry

Minimal Flavour Violation paradigm

[D’Ambrosio, Giudice, Isidori, Strumia 2002]

U(3)3 = U(3)QL
× U(3)UR

× U(3)DR

Yu ∼ (3, 3̄, 1),Yd ∼ (3, 1, 3̄) so that SM is formally invariant

Assumption: BSM also formally invariant, only with Yu,Yd

X ξ ∼ V 2÷4
CKM ⇒ Λ ∼ a fewTeV is OK with flavour bounds
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Beyond MFV: a way to proceed

Why to go beyond MFV?
× U(3)3 is not in the quark spectrum

× EDMs, ...

Reduce symmetry, round 1

From U(3)3 to U(2) [Pomarol,Tommasini 1995 and Barbieri,Dvali,Hall 1995]

X Exhibited by quark spectrum

Ö Too large flavour-violating effects in the RH sector
[Barbieri,Hall,Romanino 1997]

Reduce symmetry, round 2

U(2)3 = U(2)QL
× U(2)UR

× U(2)DR(
q1
L

q2
L

) (
uR
cR

) (
dR
sR

)
q3
L tR bR
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Breaking U(2)3

Exact U(2)3 −→ mu = md = ms = mc = 0, VCKM = 1

Yu = yt

(
0 0
0 1

)
Yd = yb

(
0 0
0 1

)

∆Yu ∼ (2, 2̄, 1), ∆Yd ∼ (2, 1, 2̄) to explain quark masses

Minimal U(2)3: only 1 doublet V ∼ (2, 1, 1) to explain CKM

Generic U(2)3: 2 extra doublets Vu ∼ (1, 2, 1), Vd ∼ (1, 1, 2)

VCKM =

 1− λ2/2 λ suL se
−iδ

−λ 1− λ2/2 cuL s
−sdL s e iβ −scdL 1

,
(ūL γµVCKMdL)Wµ

suL c
d
L − sdL c

u
L e

i(δ−β) = λe iδ

All Minimal U(2)3 4 physical parameters from tree level observables
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U(2)3: effective theory

Assume: all FV controlled by the spurions, i.e. ∆L built with the bilinears:

q̄LVV
†qL, q̄LVq3L, q̄LV tR , λbq̄LVbR , q̄L∆YuuR, λbq̄L∆YddR

⇒ ∆L = ∆L4f
L + ∆Lmag

+ ∆L4f
R + ∆L4f

LR FV both in L and R currents

FV controlled by VCKM (like U(3)3) (but cBL = cKL and φB = 0 in U(3)3)

Selected operators and relevant observables (1/Λ2 understood)

∆L4f
L ⊃ cBL e

iφB (VtbV∗ti)
2 (d̄ i

LγµbL)2, i = d , s B0
d,s − B̄0

d,s

cKL (VtsV
∗
td)2(d̄LγµsL)2, εK

∆Lmag ⊃ c7γe
iφ7γmbVtbV∗ti (d̄ i

LσµνbR)eFµν

,

b → s(d) γ

cDe
iφDmt

εuR
εL

VubV∗cb (ūLσµνT
acR)gsG

a
µν ∆AD

CP

∆L4f
LR ⊃ cKR e iφ

K
R
sdR
sdL

(
εdR
εdL

)2

(VtsV
∗
td)2 (d̄LγµsL)(d̄RγµsR) εK
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Minimal U(2)3: bounds and new effects

∆F = 2 Can solve CKM fit tensions!

Messages

Data consistent with ∆L =
∑

i ξi
ci
Λ2
i

Oi and |ci | = 0.2÷ 1

Larger effects than U(3)3 allowed see also [Buras, Girrbach 2012]

Λi ' 4πv ' 3TeV (compos. scale/new weakly int. particles of mass ∼ v)
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Generic U(2)3: bounds and new effects

∆Yu,d = L(su,dL ) ·∆Y diag
u,d · R(su,dR ), V = (0, εL), Vu,d = (0, εu,dR )

su,dL , εL fixed from tree level observables, su,dR , εu,dR bounded from above

Λ = 3TeV and ci sinφi = 1 (→ constraints are maximized)

Legend: black = dn, green = ∆AD
CP , red = εK , blue = ε′K
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Up sector within U(2)3

Minimal U(2)3: prediction of no detectable effects in

Top FCNC [BR(t → cγ, cZ )]: below future LHC sensitivity

CPV in D − D̄ mixing [φ12]: below future LHCb sensitivity

Direct CPV in D decay [AD
CP(ππ,KK )]: below per mille level

What if AD
CP(ππ)− AD

CP(KK ) = −0.67± 0.16% is new physics?

Generic U(2)3

could explain ∆Aexp
CP

respecting all current flavour and EDMs bounds

keeping the same null predictions for BR(t → cγ, cZ ) and φ12
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How to know it is U(2)3? (if some new physics signal seen)

s − d correlation in B decays (same as in SM)

Then: how to know it is not U(3)3?

Qualitative picture:

Chirality conserving Chirality breaking

∆B = 1, 2 ∆S = 1, 2 ∆B = 1 ∆C = 1

U(3)3 moderate tβ
�� ��R R C 0

MU(2)3, U(3)3 large tβ C R C 0

GU(2)3 C C C C

Legend: C = new effect, R = new effect aligned with SM, 0 = negligible new effect

Quantitavely: smaller effects in MFV at moderate tanβ

U(3)3 at large tanβ: other tree level effects expected
[Feldmann, Mannel 2008 and Kagan et al. 2009]
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Where I am?

Motivations

Breaking U(2)3

Phenomenology

U(2)3 in Supersymmetry and in Composite Higgs Models

Conclusions
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SUSY realisation of Minimal U(2)3

SUSY with heavy 1, 2 generations

X Flavour blind CP violation (EDMs)

(Natural and ok with collider bounds)

LF−breaking ∼ q̃† m̃2(∆Y ,V ) q̃

W L =

 cd κ∗ −κ∗sLe iγ
−κ cd −cdsLe iγ
0 sLe

−iγ 1


W R = 1 κ = sde

iβ

One new angle sL and 1 new CP-violating phase γ

Minimal breaking leads to flavour alignment
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SUSY ∆F = 2: K and B mixings

εK = εSM,tt
K

(
1+|ξL|4F0

)
+ εSM,tc+cc

K

SψKS
= sin (2β + φ∆) , MBd,s = M

Bd,s

SM

(
1 + ξ2

LF0

)
ξL =

cd sL
|Vts |

e iγ , F0(mb̃,mg̃ ) > 0, φ∆ = arg
(
1 + ξL

2F0

)
New parameters by solving CKM fit tensions

|ξL| ∈ [0.8, 2.1], φ∆ ∈ [−9◦,−1◦],

γ ∈ [−86◦,−25◦] or [94◦, 155◦]

Prediction: mb̃,mg̃ . 1.5 TeV
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SUSY ∆F = 1: selected B decays

CP asymmetries in B → φKS , η
′KS , SφKS

, Sη′KS

Sf = sin (2β + φ∆ + δf ), δf (ξL, γ,mb̃,mg̃ , µ tanβ − Ab)

-0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

0.4

SΦK -SΨK

S
Η

'
k

-
S

Ψ
k

Μ >0

SM value

Blue: γ > 0, Green: γ < 0,

Red: 1 σ experimental bound

Relevant for:

Future improvement in
sensitivity: a 5÷ 10 factor!

Sizeable effects with negligible
flavour blind phases

Similar clean correlations also for
ACP(B → K∗µ+µ−,B → Xsγ)

Message

Peculiar phenomenological pattern
of interest for LHC

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 13 / 17



SUSY ∆F = 1: selected B decays

CP asymmetries in B → φKS , η
′KS , SφKS

, Sη′KS

Sf = sin (2β + φ∆ + δf ), δf (ξL, γ,mb̃,mg̃ , µ tanβ − Ab)

-0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

0.4

SΦK -SΨK

S
Η

'
k

-
S

Ψ
k

Μ >0

SM value

Blue: γ > 0, Green: γ < 0,

Red: 1 σ experimental bound

Relevant for:

Future improvement in
sensitivity: a 5÷ 10 factor!

Sizeable effects with negligible
flavour blind phases

Similar clean correlations also for
ACP(B → K∗µ+µ−,B → Xsγ)

Message

Peculiar phenomenological pattern
of interest for LHC

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 13 / 17



CHM realisation of Minimal U(2)3

Flavour symmetric strong sector as an alternative to “RS-GIM” mechanism

Ls = λUQ̄
u
LHUR+λDQ̄

d
L H̃DR+Mu

QQ̄
u
LQ

u
R+Md

QQ̄
d
LQ

d
R+MU ŪLUR+MDD̄LDR

Flavour violation only in composite-elementary mixings:

U(3)3 [Redi, Weiler 2011]

LR-comp
mix = ŪLmUuR + D̄LmDdR + q̄Lm̂uQ

u
R + q̄Lm̂dQ

d
R

LL-comp
mix = q̄LmUQ

u
R + q̄LmUQ

d
R + ŪLm̂uuR + D̄Lm̂ddR , m̂u,d ∝ Yu,d

X distinguishing generations ⇒ light quarks can be mostly elementary

⇒ easier to satisfy precision and collider constraints!

see also U(3)2 × U(2), [Redi 2012]
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Ls = λUQ̄
u
LHUR+λDQ̄

d
L H̃DR+Mu

QQ̄
u
LQ

u
R+Md

QQ̄
d
LQ

d
R+MU ŪLUR+MDD̄LDR

Flavour violation only in composite-elementary mixings:

U(2)3

LR-comp
mix = ŪLmUuR + D̄LmDdR + q̄Lm̂u(V ,∆Yu)Qu

R + q̄Lm̂d(V ,∆Yu)Qd
R

LL-comp
mix = q̄LmUQ

u
R + q̄LmUQ

d
R + ŪLm̂u(V ,∆Yu)uR + D̄Lm̂d(V ,∆Yd)dR

X distinguishing generations ⇒ light quarks can be mostly elementary

⇒ easier to satisfy precision and collider constraints!

see also U(3)2 × U(2), [Redi 2012]
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CHM flavour phenomenology

Example: chirality conserving, U(3)3

L-comp. R-comp.
ŪLm̂uuR , D̄Lm̂ddR q̄Lm̂uQ

u
R , q̄Lm̂dQ

d
R

No tree level FV!

Tree level FCNCs: Chir. conserving Chir. breaking

∆B = 1, 2 ∆S = 1, 2 ∆B = 1

U(3)3 moderate tβ
�� ��R R C

U(3)3 R-comp.
�� ��R R 0

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

MU(2)3, U(3)3 large tβ C R C

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

MU(2)3 L-comp. R R C
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Summary of U(2)3 phenomenology

∆F = 2 new phase φB in B − B̄ mixing

MBd/MBs SM-like

no new phase in K mixing

mb̃,mg̃ . 1.5TeV SUSY

∆B = 1 effects can be large

clean correlations between observables SUSY

Up effects cannot be large (∆AD
CP in Generic U(2)3 can)

Some effects cannot be large (implementation dependent) CHM

Observables to watch: Sψφ, SφK , b → s(d)`¯̀, νν̄, K → πνν̄, ...
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Conclusions

U(2)3 is in the data

Naturally safe with flavour bounds

Large effects allowed

SUSY Natural and ok with collider bounds

Small EDMs

CHM Collider and precision constraints easier to satisfy than U(3)3

Thank you for your attention!

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 17 / 17



Conclusions

U(2)3 is in the data

Naturally safe with flavour bounds

Large effects allowed

SUSY Natural and ok with collider bounds

Small EDMs

CHM Collider and precision constraints easier to satisfy than U(3)3

Thank you for your attention!

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 17 / 17



Back up
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∆F = 1: ε′K

A significant limit for both U(2)3 and U(3)3

H∆S=1
eff =

1

Λ2
ξds

(
d̄αL γµs

β
L

) [
cdK

(
d̄βRγµd

α
R

)
+ cuK

(
ūβRγµu

α
R

)]
∣∣∣∣ε′ε
∣∣∣∣ ' |ImA2|√

2 |ε|ReA0

, 〈(ππ)I=2|Qu
LR + Qd

LR |K 〉 = 0

cu,dK . 0.1÷ 0.2

(
3 TeV

Λ2

)
Still roughly consistent with previous discussion of bounds

U(2)3+ SUSY solves the “problem”!

box diagrams are suppressed by heavy ũ, d̃
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