
 Beyond Minimal Flavor Violation
     with Minimal Flavor Violation

Gilad Perez

Stony Brook

N. Arkani-Hamed, GP,  A. Kagan, T.  Volansky;
C. Csaki, Y. Grossman, GP, Z. Surujon & A. Weiler;

L. Fitzpatrick, GP & L. Randall (07); 



♦ Precision flavor, where are we? 

♦ RS1 flavor & CP problem.

♦ Solution- 5D anarchic minimal flavor violation (MFV).

♦ Surprises w/ MFV’s ”phase-diagram” (RH currents) & 

    EFT for MFV.

                                                              
♦ Conclusions ? 

Outline



!



Constraints from FCNC, ∆F = 2

2-3TeV

The SM scale
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No phases <1.5 <3 <5, <0.1

Generic <0.3 <1.5 <0.6, <0.008



Two options stand out

Yu, Yd

Not enough due to      & marginal given B sys’!εK
UTfit (07)



Could be enough if:

♦ Flavor violation is only in the up sector !

Fascinating: there’s a hope
for the LHC to probe 

dynamics of flavor through
top precision!



Bulk Randall Sundrum1(RS1)



RS1 flavor structure &  flavor problem

?



ZL,WL

 Looks roughly like NMFV
♦ Anomalous couplings => SM heavy particles.

controlled by 
a bulk mass
 parameter

 ci



RS1 Flavor structure

Flavor structure determined by f



RS1 Flavor structure

f(c)2 = (1/2− c)/(1− ε1−2c)
ε = TeV/MPl

f → function of bulk mass:

Flavor structure determined by f



RS1 Flavor structure

Flavor structure determined by f



εKd =>
s

s̄

Largest contr’ are from KK gluon exchange which generates

 (V-A)(V+A) currents ∝ (F 2
Q)12(F 2

d )12 " fQ1fQ2fd1fd2

FX :  corresponds to a general flavor basis.



RS1 flavor problem

εK MG
KK ! 8TeV!



Fitzpatrick, GP & Randall (07)
Solution - 5D anarchic MFV

♦      => anarchic & the only source of flavor breaking.

♦ The 5D CKM is also anarchic, big mixing angles.

♦ Also, bulk masses are functions of same spurions:

Cu,d = Y †
u,dYu,d + . . . , CQ = rYuY †

u + YdY
†
d + . . . ,

(unlike UED models)

Yu,d

(or give up on solving the flavor puzzle, Rattazzi & Zaffaroni (00), 

Cacciapaglia, Csaki, Galloway, Marandella, Terning & Weiler (07))



Structure of anarchic 5D MFV

♦ The 4D theory is hierarchical, flavor puzzle is solved.

♦ Still flows to NMFV with multiple flavor and CPV sources:

KK gluon couplings (both RH & LH currents):

gKKG
5 ∝ F 2

Q ∼ e−2CQ ∼ e−2rYuY †
u +YdY †

d(                  )

Y 4D
u,d ∝ FQ Yu,d Fu,d ∼ e−CQ Yu,d e−Cu,d

∼ e−(rYuY †
u +YdY †

d ) Yu,d e−Y †
u,dYu,d



What about the flavor problem?

♦ Sharp limit: no down type flavor violation when            .

♦ Up type sector: still generates the CKM matrix & additional 

flavor violation:

r → 0

Y 4D
d ∼ e−YdY †

d Yd e−Y †
d Yd

gKKG
5 ∼ e−2(YdY †

d ,Y †
d Yd)

Y 4D
u ∼ e−YdY †

d Yu e−Y †
u Yu

gKKG
5 ∼ e−2(YdY †

d ,Y †
u Yu)



Parametric suppression of 
down type flavor violation

r r r2

♦ 
  When the H is in the bulk (A5) we can raise the overall 
scale of the 5D Yukawa by 3/2 which yield a (2/3)^2 
suppression.

17



RS1 flavor problem 
is eliminated

18

εK MG
KK ! 8TeV!! 2 TeV!



RS1 flavor problem 
is eliminated

18

εK MG
KK ! 8TeV!! 2 TeV!

 Gravity theory don’t respect global currents.
New gauge field should be there, accessible to 

the LHC !

C. Csaki, Y. Grossman, GP, Z. Surujon & A. Weiler.



d̄L
dR

RS1 CP problem is also solved

♦ RS1: EDM is generated at one loop,

only 2 gen’ are needed. (Agashe, GP & Soni 05)

♦5D MFV: Secretly only one phase, 

requires 3 gen’ => 2 loops!

dN ≡ Im
[
FQ(YuY †

u + YdY
†
d )YdFd

]

11

= Im
[
FQ(CQ)(CQ/ar + YdY

†
d (1− 1/r))YdFd

]

11



Agashe, GP & Soni (06)

tR → cRZHuge tR → cRZ still there!



♦  Down type int’ are diagonal when            .r → 0

:  5D MFV => 4D MFVr = 0,∞
C. Csaki, Y. Grossman, GP, Z. Surujon & A. Weiler

♦ Looks exactly like MFV!

♦ Up type: flavor violation controlled by CKM matrix. 
Can express flavor parameters, FQ,u,d, Yu,d,
as a function of M4D

u,d



♦  Down type int’ are diagonal when            .r → 0

:  5D MFV => 4D MFVr = 0,∞
C. Csaki, Y. Grossman, GP, Z. Surujon & A. Weiler

♦ Looks exactly like MFV!

♦ Up type: flavor violation controlled by CKM matrix. 
Can express flavor parameters, FQ,u,d, Yu,d,
as a function of M4D

u,d

Where did huge RH current (tR → cRZ) come from??
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Abstract

Hi.

1 Preliminaries

We consider the two spurions Yu, Yd. We use the parametrization,

vYu = eiT aχa
u/v

(
Φu 0
0 ϕu + ytv

)
e−iT aρa

u/v (1)

vYd = eiT aχa
d/v

(
Φd 0
0 ϕd + ybv

)
e−iT aηa

d/v (2)

where Φu,d are bi-fundamentals of SU(2)Q × SU(2)u,d, ϕu,d are singlets and the T a’s, a =

1, .., 4 are the four generators broken by the vevs vu,d so

χ̂u,d = T aχa
u,d =

(
0 χ+

u,d

χ−u,d 0

)
, (3)

ρ̂u = T aρa
u =

(
0 ρ+

u

ρ−u 0

)
, (4)

η̂d = T aηa
d =

(
0 η+

d
η−d 0

)
. (5)

Here χ+
u,d, χ−u,d = (χ+

u,d)
† transform as doublets of SU(2)Q and have ± charge under the

U(1)Q, and similarly ρ±u (η±d ) are doublets of SU(2)u (SU(2)d) and are charge under the

U(1)u (U(1)d). Let us also define,

UL =
(

uL

cL

)
, DL =

(
dL

sL

)
, (6)

UR =
(

uR

cR

)
, (7)

DR =
(

dR

cR

)
, (8)

1
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Conclusions   

(i) Lead to 4D hierarchy => solves the flavor puzzle.
(ii) Flows to NMFV, new mixings and phases. 

♦Sharp limit, no d-flavor violation, solves 

the RS1 flavor & CP problem. 

♦Can we derive from underlying theory ?  

♦Requires gauge flavor sym’, implications? 

♦Anarchic 5D MFV, non-trivial. 

23

♦EFT for MFV => non-trivial surprises. 



Top Diag’ Flavor Physics @ LHC



Top Diag’ Flavor Physics @ LHC



Challenges

♦ Suppressed production.

♦ Non-trivial final states (tR,WL, ZL, h).

♦ Heavy states => Urel’ decay particles.

♦ Broad objects.

     



LHC Reach/Searches
♦KK gluon. 

♦KK graviton. 
                                                                                      

♦Top precision tests. 

♦Ultra-relativistic tops (mostly leptonic).

♦RS electroweak sector. 
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εKd =>

♦ Roughly NMFV with multiple flavor and CPV sources:

KK gauge couplings: gKKG
5 ∝ F 2

Q,u,d ∼ e−2CQ,u,d

FQ,u,d Y 4D
u,d

 The NMFV limit is realized since only 3rd eigenvalue 
of             is sizable & they are quasi aligned with 

♦

, tree level gauge KK



Does the numerology work?

♦   We need to solve the following eq.:

diag(CQ) = adiag[r(V KM †
5 (θij , δ)Cu V KM

5 (θij , δ) + Cd],

♦ Remarkably due to the large top mass and the fact that only

the RH top couplings were not well tested we have:

V KM
5 is the 5D CKM matrix θij is a mixing angle between the ith and jth

generations and δ is the 5D CKM phase.

CQ ∼ Cd "= Cu r = O(0.25)



<=> roughly NMFV



RS1 Flavor structure

(                    )FQ,u,d ∼ e−CQ,u,d


