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♦ Top phys. & flavor diagonal information @ the LHC.

Outline

♦ The importance of flavor phys. & insights on the flavor scale.

♦ Alignment & uFCNC, news from the D mixing frontier.

♦ CP violation (CPV) in B system & minimal flavor violation (MFV). 
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Why flavor phys. (CP Violation) ?

♦ SM way to induce flavor conversion & CPV is unique.

♦ Sensitive to ultra short distance phys. beyond direct reach.  
�
Br(K → µ+µ−)(GIM), ∆mK(mc), ∆mB(mt)

�

♦ Flavor puzzle - parameters are small & hierarchical.

Inspecting the actual numerical values for the flavor parameters given in Eq. (16), shows

a peculiar structure. Most of the parameters, apart from the top mass and the CKM phase,

are small and hierarchical. The amount of hierarchy can be characterized by looking at two

different classes of observables:

• Hierarchies between the masses, which are not related to flavor converting processes – as

a measure of these hierarchies, we can just estimate what is the size of the product of the

Yukawa coupling square differences (in the mass basis)
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• Hierarchies in the mixing which mediate flavor conversion – this is related to the tiny

misalignment between the up and down Yukawas; one can quantify this effect in a basis

independent fashion as follows. A CP violating quantity, associated with V CKM
, that is

independent of parametrization [34, 35], JKM, is defined through
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where i, j, k, l = 1, 2, 3. We see that even though δKM
is of order unity, the resulting

CP violating parameter is small, as it is “screened” by small mixing angles. If any of the

mixing angles is a multiple of π/2, then the SM Lagrangian becomes real. Another explicit

way to see that YU and YD are quasi aligned is via the Wolfenstein parametrization of the

CKM matrix, where the four mixing parameters are (λ, A, ρ, η), with λ = |Vus| = 0.23

playing the role of an expansion parameter [36]:
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Basically, to zeroth order, the CKM matrix is just a unit matrix !

As we shall discuss further below, both kinds of hierarchies described in the bullets lead

to suppression of CPV. Thus, a nice way to quantify the amount of hierarchies, both in masses

and mixing angles, is to compute the value of the reparameterization invariant measure of CPV

introduced in Eq. (14)
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This tiny value of CSM
that characterizes the flavor hierarchy in nature would be of order 10% in

theories where YU,D are generic order one complex matrices. The smallness of CSM
is something

that many flavor models beyond the SM try to address. Furthermore, SM extensions that have

new sources of CPV tend not to have the SM built-in CP screening mechanism. As a result,

they give too large contributions to the various observables that are sensitive to CP breaking.

Therefore, these models are usually excluded by the data, which is, as mentioned, consistent

with the SM predictions.
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CP SM

♦ Cosmological baryon asymmetry <=> new CPV (flavor?)
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This tiny value of CSM
that characterizes the flavor hierarchy in nature would be of order 10% in

theories where YU,D are generic order one complex matrices. The smallness of CSM
is something

that many flavor models beyond the SM try to address. Furthermore, SM extensions that have

new sources of CPV tend not to have the SM built-in CP screening mechanism. As a result,

they give too large contributions to the various observables that are sensitive to CP breaking.

Therefore, these models are usually excluded by the data, which is, as mentioned, consistent

with the SM predictions.
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CP SM

♦ Cosmological baryon asymmetry <=> new CPV (flavor?)

The SM consist of 3 copies (flavors/generations) 
of its gauge group:

Lkin = f̄iD/fjδij f ∈ Q, U,D, L,E

global sym’: U(3)Q × U(3)U × U(3)D × U(3)L × U(3)E

Flavor info’ is encoded in:

−LY = Y
ij
D Q̄

i
HD

j + Y
ij
U Q̄

i
H̃U

j + Y
ij
E L̄

i
HE

j

Flavor crash course:
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is something
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Why flavor phys. (CP Violation) ?

♦ SM way to induce flavor conversion & CPV is unique.
9

FIG. 4: The schematic structure of the various ingredients that mediate flavor breaking within the SM.
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where it is understood that (AQu)kl is evaluated in the down quark mass basis (obviously tiny corrections of order

m2
u are neglected in the above). This expression captures the right flavor structure and is correct for large class of SM

extensions. However, it is actually incorrect in the SM case. The reason is that within the SM the flavor symmetries

are badly broken by the large top quark mass [26]. The SM corresponding amplitude consist of a rather non-trivial,

non-linear function of AQu instead of the above naive expression (see e.g[29] and Refs. therein), which assumes only

the simplest polynomial dependence of the spurions. The SM amplitude for ∆md is described via a box diagram and

two out of the four power of masses are cancelled, since they appear in the propagators.

C. The SM approximate symmetry structure

In the above we have considered the most general breaking pattern. However, as we have discussed the essence

of the flavor puzzle is the large hierarchies in the quark masses, the eigen values of YU,D and their approximate
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This tiny value of CSM
that characterizes the flavor hierarchy in nature would be of order 10% in

theories where YU,D are generic order one complex matrices. The smallness of CSM
is something

that many flavor models beyond the SM try to address. Furthermore, SM extensions that have
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What do we know about the 
New Phys. flavor sector, model 

independently?

X
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Generic bounds via effective theory

(q̄iqj) (q̄iqj)
Λ2

NP

∆F = 2 processes among the cleanest.

In the SM proceed at loop and highly suppressed.

To leading order beyond the SM:
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Generic bounds via effective theory

(q̄iqj) (q̄iqj)
Λ2

NP

∆F = 2 processes among the cleanest.

In the SM proceed at loop and highly suppressed.

To leading order beyond the SM:

What are the bounds on ΛNP

for different flavor transitions?
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∆F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle θc), while Vd depends on a
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I. BOUNDS ON EFFECTIVE OPERATORS

Operator cij = 1 [TeV] LMFV [TeV] GMFV [TeV] Observables

Re Im Re Im

(s̄L!µdL)2 9.8 ! 102 1.6 ! 104 4.0 ! 10!1 5.6 4.0 ! 10!1 5.6 !mK ; "K

(s̄RdL)2 7.7 ! 103 1.3 ! 105 1.3 ! 10!3 3.0 ! 10!2 3.6 ! 10!2 6.9 ! 10!1 !mK ; "K

(s̄R dL)(s̄LdR) 1.7 ! 104 3.0 ! 105 < GeV 8.8 ! 10!2 1.3 ! 10!2 2.5 ! 10!1 !mK ; "K

(c̄L!µuL)2 1.2 ! 103 2.8 ! 103 < GeV < GeV 2.4 ! 10!1 < GeV !mD; |q/p|, #D

(c̄R uL)2 3.2 ! 103 7.4 ! 103 " " " " !mD; |q/p|, #D

(c̄R uL)(c̄LuR) 6.2 ! 103 1.5 ! 104 " " " " !mD; |q/p|, #D

(b̄L!µdL)2 5.1 ! 102 9.3 ! 102 4.8 4.6 ! 10!1 4.8 8.7 !mBd
; S!KS

(b̄R dL)2 1.0 ! 103 1.8 ! 103 3.6 ! 10!1 6.7 ! 10!1 7.9 15 !mBd
; S!KS

(b̄R dL)(b̄LdR) 1.9 ! 103 3.5 ! 103 1.3 ! 10!2 < GeV 3.5 ! 10!1 6.7 ! 10!1 !mBd
; S!KS

(b̄L!µsL)2 1.1 ! 102 4.6 5 !mBs

(b̄R sL)2 2.1 ! 102 5.2 ! 10!3 1.3 ! 10!1 !mBs

(b̄R sL)(b̄LsR) 4.0 ! 102 6.9 ! 10!2 1.7 !mBs

L̄i$µ"eRjHFµ"

1.7 ! 104 Br (µ # e!)

3.3 ! 102 Br (% # µ!)

2.6 ! 102 Br (% # e!)

(µ̄!µPLe) (ū!µPLu) 1.9 ! 102 #(µ!Ti"e!Ti)
#(µ!Ti"capture)

TABLE I: Bounds on the scale " of representative dimension-six !F = 2 operators in the quark and lepton

sectors. Bounds on " are quoted assuming an e#ective coupling cij/"2, where the coe$cients are either

generic or structured via linear MFV (LMFV) or GMFV. Observables related to CPV are separated from

the CP conserving ones with semicolons. In the Bs system we only quote a bound on the modulo of the NP

amplitude derived from !mBs
. For the definition of the CPV observables in the D system see Ref. [1]. The

bounds in the lepton sector are on the modulo of the NP amplitude.

The e#ects of new physics at a high energy scale (" $ mW ) on the various meson mixing

systems can be studied in an e#ective operator language. A complete set of four quark operators

1

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im
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(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS
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(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form
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Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle θc), while Vd depends on a
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(b̄R dL)2 1.0 ! 103 1.8 ! 103 3.6 ! 10!1 6.7 ! 10!1 7.9 15 !mBd
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sectors. Bounds on " are quoted assuming an e#ective coupling cij/"2, where the coe$cients are either

generic or structured via linear MFV (LMFV) or GMFV. Observables related to CPV are separated from

the CP conserving ones with semicolons. In the Bs system we only quote a bound on the modulo of the NP

amplitude derived from !mBs
. For the definition of the CPV observables in the D system see Ref. [1]. The

bounds in the lepton sector are on the modulo of the NP amplitude.

The e#ects of new physics at a high energy scale (" $ mW ) on the various meson mixing

systems can be studied in an e#ective operator language. A complete set of four quark operators

1

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle θc), while Vd depends on a
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∆F = 2 status
Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci.  (10) 

Operat
or

Bounds on Λ in TeV
(cij

= 1) Bounds on cij
(Λ = 1 TeV)

Observ
ables

Re

Im

Re

Im

(s̄LγµdL)
2 9.8× 10

2
1.6× 10

4
9.0× 10

−7 3.4× 10
−9

∆mK; �K

(s̄R dL)(s̄LdR) 1.8× 10
4

3.2× 10
5

6.9× 10
−9 2.6× 10

−11
∆mK; �K

(c̄LγµuL)
2 1.2× 10

3
2.9× 10

3
5.6× 10

−7 1.0× 10
−7 ∆mD; |q/p|,φD

(c̄R uL)(c̄LuR) 6.2× 10
3

1.5× 10
4

5.7× 10
−8 1.1× 10

−8 ∆mD; |q/p|,φD

(̄bLγµdL)
2 5.1× 10

2
9.3× 10

2
3.3× 10

−6 1.0× 10
−6 ∆mBd

; SψKS

(̄bR dL)(̄bLdR) 1.9× 10
3

3.6× 10
3

5.6× 10
−7 1.7× 10

−7 ∆mBd
; SψKS

(̄bLγµ sL)
2

1.1× 10
2

7.6× 10
−5

∆mBs

(̄bR sL)(̄bLsR)

3.7× 10
2

1.3× 10
−5

∆mBs

(t̄LγµuL)
2

TABLE I: Bounds on represe
ntati

ve dimension
-six

∆F = 2 operat
ors.

Bounds on Λ are
quoted

assu
ming an

effecti
ve cou

pling 1/Λ
2 , or,

alte
rnativ

ely,
the bounds on the resp

ecti
ve cij’

s assu
ming Λ = 1 TeV. Observ

ables

rela
ted

to CPV are
separat

ed from
the CP con

serv
ing ones with

sem
icol

ons. In the Bs system
we only quote

a bound on the modulo of the NP amplitu
de deriv

ed from
∆mBs

(see
text).

For the definitio
n of the CPV

observ
ables

in the D system
see

Ref. [15]
.

(3.4
) where

there
is an

independent con
stra

int on
the leve

l of degen
erac

y [16]
. We here

briefl
y

explain
this point.

Consider operat
ors

of the form

1

Λ2
NP

(QLi(
XQ)ijγµQLj)(

QLi(
XQ)ijγ

µ QLj),

(3.6
)

where
XQ

is an herm
itia

n matri
x. Without loss

of gen
eral

ity,
we can

choose
to work

in the basis

defined in Eq. (2.1
0):

Y
d = λd,

Y
u = V

†λu,
XQ

= V
†
d
λQVd,

(3.7
)

where
λQ is a diago

nal real
matri

x, and Vd is a unitar
y matri

x which
param

etri
zes

the misal
ignment

of the operat
or (3.6

) with
the down mass

basis
.

The experim
ental

con
stra

ints that are
most

rele
van

t to our study com
e from

K
0–K

0 and D
0–D

0

mixing, which
involv

e only the first
two gen

erat
ion

quark
s. When studying new

physics
effects

,

ignorin
g the third

gen
erat

ion
is ofte

n a good approximatio
n to the physics

at hand. Indeed
, even

when the third
gen

erat
ion

does play
a role

, our two gen
erat

ion
analysis is applica

ble as long as there

are
no stro

ng can
cell

atio
ns with

con
trib

ution
s rela

ted
to the third

gen
erat

ion. In a two gen
erat

ion

fram
ework

, V depends on
a single

mixing angle
(the Cabibbo angle

θc),
while Vd depends on

a
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What do we conclude ?
♦ SM mechanism to induce flavor & CPV 

is successful.
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param

etri
zes

the misal
ignment

of the operat
or (3.6

) with
the down mass

basis
.

The experim
ental

con
stra

ints that are
most

rele
van

t to our study com
e from

K
0–K

0 and D
0–D

0

mixing, which
involv

e only the first
two gen

erat
ion

quark
s. When studying new

physics
effects

,

ignorin
g the third

gen
erat

ion
is ofte

n a good approximatio
n to the physics

at hand. Indeed
, even

when the third
gen

erat
ion

does play
a role

, our two gen
erat

ion
analysis is applica

ble as long as there

are
no stro

ng can
cell

atio
ns with

con
trib

ution
s rela

ted
to the third

gen
erat

ion. In a two gen
erat

ion

fram
ework

, V depends on
a single

mixing angle
(the Cabibbo angle

θc),
while Vd depends on

a
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What do we conclude ?
♦ SM mechanism to induce flavor & CPV 

is successful.
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∆F = 2 status
Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci.  (10) 

Operat
or

Bounds on Λ in TeV
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= 1) Bounds on cij
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Observ
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1.3× 10
−5
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TABLE I: Bounds on represe
ntati

ve dimension
-six

∆F = 2 operat
ors.

Bounds on Λ are
quoted

assu
ming an

effecti
ve cou

pling 1/Λ
2 , or,

alte
rnativ

ely,
the bounds on the resp

ecti
ve cij’

s assu
ming Λ = 1 TeV. Observ

ables

rela
ted

to CPV are
separat

ed from
the CP con

serv
ing ones with

sem
icol

ons. In the Bs system
we only quote

a bound on the modulo of the NP amplitu
de deriv

ed from
∆mBs

(see
text).

For the definitio
n of the CPV

observ
ables

in the D system
see

Ref. [15]
.

(3.4
) where

there
is an

independent con
stra

int on
the leve

l of degen
erac

y [16]
. We here

briefl
y

explain
this point.

Consider operat
ors

of the form

1

Λ2
NP
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QLi(
XQ)ijγ

µ QLj),

(3.6
)

where
XQ

is an herm
itia

n matri
x. Without loss

of gen
eral

ity,
we can

choose
to work

in the basis

defined in Eq. (2.1
0):

Y
d = λd,

Y
u = V

†λu,
XQ

= V
†
d
λQVd,

(3.7
)

where
λQ is a diago

nal real
matri

x, and Vd is a unitar
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x which
param

etri
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the misal
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or (3.6

) with
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.
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What do we conclude ?
♦ SM mechanism to induce flavor & CPV 

is successful.

♦ Hint for underlying structure of microscopic laws of nature.
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What about the fine tuning problem ?
 What is the fine tuning problem (personal view)?

Imagine that they were equal to 1:1032 ! sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is δθ/θmax � 1 ?)
(why is m2

H
/m2

Pl � 1 ?)
Coincidence of 1:102 - moon subtends an angle 
                                    of ~ 0.52° while sun of ~ 0.53°.
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What about the fine tuning problem ?
 What is the fine tuning problem (personal view)?

Imagine that they were equal to 1:1032 ! sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is δθ/θmax � 1 ?)
(why is m2

H
/m2

Pl � 1 ?)
Coincidence of 1:102 - moon subtends an angle 
                                    of ~ 0.52° while sun of ~ 0.53°.

♦ The most severe problem is due to top coupling:

!"Reinhard Schwienhorst, Michigan State University
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is δθ/θmax � 1 ?)
(why is m2

H
/m2

Pl � 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ∼ 10−19 m ⇒ δθ ∼ 10−32 )

�
m2

W
/m2

Pl

�
obs
∼

�
m2

H
+ δm2

H

�
/m2

Pl ∼
!W,Z, higgstop

HH

t

t-
m2

H
+

∼ ∼ 10−32

“Additive” sensitivity / fine tuning due to top-Higgs coupling:
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What about the fine tuning problem ?
 What is the fine tuning problem (personal view)?

Imagine that they were equal to 1:1032 ! sun
moon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  !  

 !" #$!% $&'( ") *++,- .&!$%" /.+0 *! ,""0% .+0&+1'% %+)2% ")
 2+23 ,$+% "&"31 /+2 $+'0%& +'&,++% $-4% *++4.+ !" *! ""( &0(.++
 )&'+  ,"-1")  *%"-  *+3&+'$%&  -1-%  2+23  #$!%  "&"31"  #$!%
 %+% !" *! ,$1&"( .(#$!% $&'( +05 ") *+"4!% 2&6++" )++31 ,$+%-
 &0++% !" !"+11 ,#$!% $&'(& ,$+% ,-1-% /+2 4&+'2 %7( 3,+ *++4.1
 -+ &.&(72 4$- /+') /&0&&(2 $2&'1 .&.&! .&"8"& .&%7" &0"&(+ !"& /!(

 ..$,! .&!$+%" %+% "&(+ !" &0"- *"&)%& ,#$!% $&'( ") *++,

!"#$#%&#'( )#*'( +!!)*
 *8& -",% ,&(% !-&0" *8 $&-4 /+')% /&0&&(% ,&0++6 $2(- &1(
 +5(  ,&7  %+)2  %$642  /+2%"  %300  .+8&"&13&4%  )&24%  ."!-"
 +8&"&13&4%  )&24%  $-4%2  .+9$&!+.%  %4+7+52  ."5&91  !+%-

.(!2% 4$5% -!$ "! .&!2% .&$&-% ") 8"'" *+"&(+ *+-4.1%)
 .2"-1-  ,.&'-  .$&.  +'+–")  .$!&.1  *+4+4",  "-  %4+7+5
 .&3,+%  .$&.  .!  %(&.2
 .*+90&&4%  .$&.  *)  .+9$5%
 *++"4+7+5  *+"'8  ,&7  .$8312
 +8&"&13&4%  )&24%  .18&'(
 "+9$'093% "'&1%" .$8312&)
 *++90&&4 *+945!" +91$' /5&!2 *+-+8$ (-",% ,&(% .16&) *8

 *+945! $-!( 4$ $'8&1 *($)& ,(*++.0+$4 *+0&4+. *+!$40%)
./&2-,2 *+,4"0 &"!

 ."432 /++5!.%" .&+&56 .+90&&4 %'+2(" .&$&-4% .&)5&. ,%18&'"
 10109eV4 "- .+93905 %+8$0! .&5+56 .01" %"&4-% 40"5 .31
 *+561  &0!  ,38  /5&!2&  ,(.+)+2$2  9"&&–/&$94"!  "&8&8–'$!+"+1)
 %31 "- "'&8 $'31 &+%+ +8&"&13&4% )&24" *++90&&4% *+0&4+.%-
 +8&"&13&4% )&24% "- %7 :$) ,:-1%2 $!&.1- &1( +( ,+&2! .&7
 %&&-% ,)&24% "- .&'+'12 %560% &"'&81 120 .47,2 10 +5 "&'8

 .(0.001eV)4 .+)+2$2 9"&&–/&$94"! +"+1" :$)2
 "'&8 $'31 ;3&0 )&24 &0"- %+$&!+." ;+3&%" &0+")- :(1 !6&+
 %1&$." :&5% /1+32& ,.+)+2$2 9"&&–/&$94"! "&8&8–'$!+"+1 "-
 .&+1&0&$93!% .&1&$.% +.-- :( ,*++90&&4% *+0&4+.%1 %5&61%
 .+56." %1+!.1% %09094% .+$!-% +'( ') &7 .! &7 &"92+ /"'&82
 %$&62 .,$+%& -1-% "- %560% *"'&8 "- +0&+1'% %$412 &1( -

 ::( %!$0 +8&"&13&4% )&24% "- /+')% /&0&&(% ,/( *! ,.+91(3
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

 $, -!.'!/!0 !1!–$) 2+!3, !#3!4
 +$*#'%( (!5#.!+$ +#(#*" +#!"53.

 +#6#4( +. +5.+% 5,. ,-#!4
 -!!1#&!( -!'!'$6(# -!!&!&*(

   .#3%$#) +. -!*!45%(

 .,%,( +. 65!( $, +'!!#1%( (0!06( 64#3$  -!4#*3 -!3)1%
!3#!%1( -$#)* 2!1)( 2#3##4$ (!"#$3.

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is δθ/θmax � 1 ?)
(why is m2

H
/m2

Pl � 1 ?)
Coincidence of 1:102 - moon subtends an angle 
                                    of ~ 0.52° while sun of ~ 0.53°.

♦ The most severe problem is due to top coupling:

!"Reinhard Schwienhorst, Michigan State University
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Largest contributions are due to the top couplings.
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is δθ/θmax � 1 ?)
(why is m2
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 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ∼ 10−19 m ⇒ δθ ∼ 10−32 )
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W
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obs
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H
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H
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Pl ∼
!W,Z, higgstop

HH

t
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H
+

∼ ∼ 10−32

“Additive” sensitivity / fine tuning due to top-Higgs coupling:

fine tuning of worse than 1:100 !

Assume cutoff Λ = 7 TeV; δtm2
h = 3

8π2 y2
t Λ2 ∼ 1.4TeV2

m2
h,phys = m2

tree + δtm2
h = m2

tree + 1.4 TeV2 ≈ 0.01 TeV2
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Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle θc), while Vd depends on a

9
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mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even
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However little is known on tFCNC

same sign t’s
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♦ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is δθ/θmax � 1 ?)
(why is m2

H
/m2

Pl � 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ∼ 10−19 m ⇒ δθ ∼ 10−32 )

�
m2

W
/m2

Pl

�
obs
∼

�
m2

H
+ δm2

H

�
/m2

Pl ∼
!W,Z, higgstop

HH

t

t-
m2

H
+

∼ ∼ 10−32

“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors
D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ⇒ Λs � 2× 104 TeV

c : ⇒ Λc � 2× 103 TeV

b : ⇒ Λb � 4× 102 TeV
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors∆F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle θc), while Vd depends on a
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

Reverse the logic with light flavors∆F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle θc), while Vd depends on a
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Tension with LLRR
CP violation (CPV)!

D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10). 

s : ⇒ Λs � 2× 104 TeV

c : ⇒ Λc � 2× 103 TeV

b : ⇒ Λb � 4× 102 TeV
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Reverse the logic with light flavors

♦ How large of cutoff to sustain fine tuning of less than 1:100 ?

sunmoon

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is δθ/θmax � 1 ?)
(why is m2

H
/m2

Pl � 1 ?)

 The fine tuning problem

(ii) Why perturbations not destabilize system? <=> Fine tuning issue.
(displacing the sun by ∼ 10−19 m ⇒ δθ ∼ 10−32 )
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“Additive” sensitivity / fine tuning due to top-Higgs coupling:

b,c,s

∆F = 2 status
Isidori, Nir & GP,  Ann. Rev. Nucl. Part. Sci. (10) 

Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even

when the third generation does play a role, our two generation analysis is applicable as long as there

are no strong cancellations with contributions related to the third generation. In a two generation

framework, V depends on a single mixing angle (the Cabibbo angle θc), while Vd depends on a
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B system: only case with 
tension with LLLL operators;

Dramatic improvement
expected in D system!

s : ⇒ Λs � 2× 104 TeV

c : ⇒ Λc � 2× 103 TeV

b : ⇒ Λb � 4× 102 TeV
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What kind of NP survives?

♦ Flavor blind/universal NP, for sure, but very restrictive.
(spoiled by RGE)
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What kind of NP survives?

♦ Flavor blind/universal NP, for sure, but very restrictive.

♦ NP flavor structure is controlled by SM one, effective minimal 

flavor violation (MFV) => more exciting than guessed, see later ...

♦ Maybe NP is anarchic but aligned. 

(spoiled by RGE)
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uFCNC data, a crucial test of alignment 

Yasmin & Gilad Perez <jasgilperez@gmail.com>

Your Holiday Inn Express (R) Reservation Confirmation - SOMMA
LOMBARDO, ITALY: 67442015
Holiday Inn Express Reservations <HolidayInnExpress@reservations.ihg.com> Mon, Feb 15, 2010 at 2:35 PM
Reply-To: HolidayInnExpress@reservations.ihg.com
To: jasgilperez@gmail.com

Reservation Resources

Add to Calendar
Modify/Cancel Reservation
View All Reservations
Make Another Reservation
View Account

Other Travel Resources

Featured Offer

Thank you for choosing Holiday Inn Express. Here is your reservation information.

 Reservation Questions: 180 945 3716

Reservation Information

Your confirmation number is 67442015
Please use your confirmation number to reference your reservation.

Priority Club Rewards:
Your Priority Club Rewards number applies to this reservation.

Guest Name:
MR GILAD PEREZ

Additional Guests:

No additional guests.

Check-In: Sun 21 Mar 2010 at 02:00
PM
Check-Out: Mon 22 Mar 2010 at 12:00
PM

   Add to Calendar
View/Modify/Cancel Reservation

Hotel Information

MILAN-MALPENSA AIRPORT
Holiday Inn Express
VIA DE PINEDO ANG VIA OLDRINI
CASE NUOVE
SOMMA LOMBARDO, 21019
39-0331-18330

Helpful Links
Local Maps

Find Attractions
Make Another Reservation

Driving Directions:
NORTH FROM MOTORWAY A8 EXIT BUSTO ARSIZIO TAKE STATE ROAD SS336
EXIT CASE NUOVE-SOMMA LOMBARDO TAKE SP 52 TO CASE NUOVE VILLAGE

Room/Rate Information

Rate Type: Advance Purchase
Rate Description: Special Savings! Reservations require full prepayment for the

entire stay at time of booking. Fully non refundable. Prepayment
is charged to credit card between time of booking and day of
arrival and is non refundable. No refunds if cancelled or changed.

 The credit card MUST be presented upon check-in at the
hotel.

Deposit Required: A deposit for the entire stay is due at time of booking.
Pet Policy: Only guide dogs allowed.

♦Down & lepton flavor violation => removed via alignment,    
where anarchic NP is diagonal in down/charged-lepton mass basis.

careful domino alignment

[Nir & Seiberg, PLB (93); Fitzpatrick, GP & Randall, PRL (08);  Csaki, GP, Surujon, & Weiler,  PRD (09)]
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The importance of up-type FCNC
What if down/lepton alignment is at work ?

16



Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2

TABLE I: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming an

effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the Bs system we only quote

a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition of the CPV

observables in the D system see Ref. [15].

(3.4) where there is an independent constraint on the level of degeneracy [16]. We here briefly

explain this point.

Consider operators of the form

1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
µQLj), (3.6)

where XQ is an hermitian matrix. Without loss of generality, we can choose to work in the basis

defined in Eq. (2.10):

Y d
= λd, Y u

= V †λu, XQ = V †
d λQVd, (3.7)

where λQ is a diagonal real matrix, and Vd is a unitary matrix which parametrizes the misalignment

of the operator (3.6) with the down mass basis.

The experimental constraints that are most relevant to our study come from K0–K0 and D0–D0

mixing, which involve only the first two generation quarks. When studying new physics effects,

ignoring the third generation is often a good approximation to the physics at hand. Indeed, even
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I. BOUNDS ON EFFECTIVE OPERATORS

Operator cij = 1 [TeV] LMFV [TeV] GMFV [TeV] Observables

Re Im Re Im

(s̄L!µdL)2 9.8 ! 102 1.6 ! 104 4.0 ! 10!1 5.6 4.0 ! 10!1 5.6 !mK ; "K

(s̄RdL)2 7.7 ! 103 1.3 ! 105 1.3 ! 10!3 3.0 ! 10!2 3.6 ! 10!2 6.9 ! 10!1 !mK ; "K

(s̄R dL)(s̄LdR) 1.7 ! 104 3.0 ! 105 < GeV 8.8 ! 10!2 1.3 ! 10!2 2.5 ! 10!1 !mK ; "K

(c̄L!µuL)2 1.2 ! 103 2.8 ! 103 < GeV < GeV 2.4 ! 10!1 < GeV !mD; |q/p|, #D

(c̄R uL)2 3.2 ! 103 7.4 ! 103 " " " " !mD; |q/p|, #D

(c̄R uL)(c̄LuR) 6.2 ! 103 1.5 ! 104 " " " " !mD; |q/p|, #D

(b̄L!µdL)2 5.1 ! 102 9.3 ! 102 4.8 4.6 ! 10!1 4.8 8.7 !mBd
; S!KS

(b̄R dL)2 1.0 ! 103 1.8 ! 103 3.6 ! 10!1 6.7 ! 10!1 7.9 15 !mBd
; S!KS

(b̄R dL)(b̄LdR) 1.9 ! 103 3.5 ! 103 1.3 ! 10!2 < GeV 3.5 ! 10!1 6.7 ! 10!1 !mBd
; S!KS

(b̄L!µsL)2 1.1 ! 102 4.6 5 !mBs

(b̄R sL)2 2.1 ! 102 5.2 ! 10!3 1.3 ! 10!1 !mBs

(b̄R sL)(b̄LsR) 4.0 ! 102 6.9 ! 10!2 1.7 !mBs

L̄i$µ"eRjHFµ"

1.7 ! 104 Br (µ # e!)

3.3 ! 102 Br (% # µ!)

2.6 ! 102 Br (% # e!)

(µ̄!µPLe) (ū!µPLu) 1.9 ! 102 #(µ!Ti"e!Ti)
#(µ!Ti"capture)

TABLE I: Bounds on the scale " of representative dimension-six !F = 2 operators in the quark and lepton

sectors. Bounds on " are quoted assuming an e#ective coupling cij/"2, where the coe$cients are either

generic or structured via linear MFV (LMFV) or GMFV. Observables related to CPV are separated from

the CP conserving ones with semicolons. In the Bs system we only quote a bound on the modulo of the NP

amplitude derived from !mBs
. For the definition of the CPV observables in the D system see Ref. [1]. The

bounds in the lepton sector are on the modulo of the NP amplitude.

The e#ects of new physics at a high energy scale (" $ mW ) on the various meson mixing

systems can be studied in an e#ective operator language. A complete set of four quark operators
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1

Λ2
NP

(QLi(XQ)ijγµQLj)(QLi(XQ)ijγ
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The average and the di!erence in mass and width are given by
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The decay amplitudes into a final state f are defined as follows:

Af = #f |H|D0$,

Af = #f |H|D0$. (5)

We define !f :

!f =
q

p

Āf

Af

. (6)

We now write the approximate expressions for the time-dependent DCS and SCS decay

rates that are valid for time t %< 1/". We take into account the experimental information

that x, y and tan "c (where "c is the Cabibbo angle) are small, and expand each of the rates

only to the order that is relevant to the BaBar and Belle measurements:
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Within the Standard Model, the physics of D0 " D0 mixing and of the tree level decays

is dominated by the first two generations and, consequently, CP violation can be safely

neglected (for reviews of charm physics, see [4, 5]). Indeed, CP violation in these processes

would constitute a signal for new physics [3, 6, 7]. In all ‘reasonable’ extensions of the

Standard Model, both the DCS [8] and the SCS [9] decays are still dominated by the Standard

Model CP conserving contributions. On the other hand, there could be new short distance,

possibly CP violating contributions to the mixing amplitude M12. Allowing for only such

CP violating e!ects of new physics, the picture of CP violation is simplified since there is

3

♦ System parameters roughly determined (HFAG):

                                           

where rd is a real and positive dimensionless parameter, δf is a strong (CP conserving)

mode-dependent phase, and φ is a weak (CP violating) universal phase. Similar expressions

can be written to decays into any final state. The appearance of a single weak phase that is

common to all final states is related to the absence of direct CP violation, while the absence

of a strong phase in λK+K− is related to the fact that the final state is a CP eigenstate.

In our analysis we assume that effects of direct CP violation are negligibly small even in

the presence of new physics (NP). The question of NP contributions to direct CP violation

in the doubly Cabibbo suppressed decays was investigated in detail in [7, 8] and shown to be

indeed generically small. In some special cases it could reach order 30%. The singly Cabibbo

suppressed decays case was studied in [9]. Typically direct CP violation is suppressed, but

in special models (or corners of parameter space) it could be non-negligible. Experimental

constraints on direct CP violation in charm decays were analyzed by the heavy flavor aver-

aging group (HFAG) [10] and found to be of order one percent. Furthermore, the effect of

including direct CP violation on the NP contributions was recently considered in [11] and

shown to be subdominant.

The experimental measurements of the various relevant D-decay rates can be used to

determine the values of the four parameters that are related to D0 −D0 mixing: x, y, |q/p|

and φ. Impressive progress in relevant measurements has been recently achieved in the

BaBar and Belle experiments. The information comes from a variety of final states of

neutral D-meson decays: K+K−
, π+π−, Kπ+π−, K�ν, K−π+

and K+π−. HFAG has fitted

the data, and obtained the following one sigma ranges [10]:

x = (1.00 ± 0.25)× 10
−2,

y = (0.77 ± 0.18)× 10
−2,

1− |q/p| = +0.06 ± 0.14,

φ = −0.05 ± 0.09, (2.8)

where φ is given in radians. These results imply the following:

1. The width-splitting and mass-splitting are at a level close to one percent.

2. CP violation is small.

We would now like to translate these statements, made for the parameters that are used to

describe the experimental results, to parameters that represent the theory input.

4

Huge recent progress in measurement of mass splitting 
    & CP violation  (CPV) in the D system:
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Āf

Af

. (6)

We now write the approximate expressions for the time-dependent DCS and SCS decay

rates that are valid for time t %< 1/". We take into account the experimental information

that x, y and tan "c (where "c is the Cabibbo angle) are small, and expand each of the rates

only to the order that is relevant to the BaBar and Belle measurements:

"[D0(t) & K+#!] = e!!t|AK+!! |2|q/p|2

'
!

|!!1
K+!!

|2 + [Re(!!1
K+!!

)y + Im(!!1
K+!!

)x]"t +
1

4
(y2 + x2)("t)2

"

,

"[D0(t) & K!#+] = e!!t|AK!!+ |2|p/q|2 (7)

'
!

|!K!!+ |2 + [Re(!K!!+)y + Im(!K!!+)x]"t +
1

4
(y2 + x2)("t)2

"

,

"[D0(t) & K+K!] = e!!t|AK+K!|2 {1 + [Re(!K+K!)y " Im(!K+K!)x]"t} ,

"[D0(t) & K+K!] = e!!t|AK+K!|2
#
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)y " Im(!!1
K+K!

)x]"t
$

. (8)

Within the Standard Model, the physics of D0 " D0 mixing and of the tree level decays

is dominated by the first two generations and, consequently, CP violation can be safely

neglected (for reviews of charm physics, see [4, 5]). Indeed, CP violation in these processes

would constitute a signal for new physics [3, 6, 7]. In all ‘reasonable’ extensions of the

Standard Model, both the DCS [8] and the SCS [9] decays are still dominated by the Standard

Model CP conserving contributions. On the other hand, there could be new short distance,

possibly CP violating contributions to the mixing amplitude M12. Allowing for only such

CP violating e!ects of new physics, the picture of CP violation is simplified since there is

3

♦ System parameters roughly determined (HFAG):

                                           

where rd is a real and positive dimensionless parameter, δf is a strong (CP conserving)

mode-dependent phase, and φ is a weak (CP violating) universal phase. Similar expressions

can be written to decays into any final state. The appearance of a single weak phase that is

common to all final states is related to the absence of direct CP violation, while the absence

of a strong phase in λK+K− is related to the fact that the final state is a CP eigenstate.

In our analysis we assume that effects of direct CP violation are negligibly small even in

the presence of new physics (NP). The question of NP contributions to direct CP violation

in the doubly Cabibbo suppressed decays was investigated in detail in [7, 8] and shown to be

indeed generically small. In some special cases it could reach order 30%. The singly Cabibbo

suppressed decays case was studied in [9]. Typically direct CP violation is suppressed, but

in special models (or corners of parameter space) it could be non-negligible. Experimental

constraints on direct CP violation in charm decays were analyzed by the heavy flavor aver-

aging group (HFAG) [10] and found to be of order one percent. Furthermore, the effect of

including direct CP violation on the NP contributions was recently considered in [11] and

shown to be subdominant.

The experimental measurements of the various relevant D-decay rates can be used to

determine the values of the four parameters that are related to D0 −D0 mixing: x, y, |q/p|

and φ. Impressive progress in relevant measurements has been recently achieved in the

BaBar and Belle experiments. The information comes from a variety of final states of

neutral D-meson decays: K+K−
, π+π−, Kπ+π−, K�ν, K−π+

and K+π−. HFAG has fitted

the data, and obtained the following one sigma ranges [10]:

x = (1.00 ± 0.25)× 10
−2,

y = (0.77 ± 0.18)× 10
−2,

1− |q/p| = +0.06 ± 0.14,

φ = −0.05 ± 0.09, (2.8)

where φ is given in radians. These results imply the following:

1. The width-splitting and mass-splitting are at a level close to one percent.

2. CP violation is small.

We would now like to translate these statements, made for the parameters that are used to

describe the experimental results, to parameters that represent the theory input.

4

Huge recent progress in measurement of mass splitting 
    & CP violation  (CPV) in the D system:

Absence of D CPV 
a SM victory!
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The power of CPV in the D system
[Golowich, Pakvasa & Petrov, PRL (07);
Kagan and M. D. Sokolof, PRD (09)]Assuming no direct CP:

Gedalia, Grossman, Nir & GP, PRD (09).

long distance
dominated?
Falk, et. al (02).
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The power of CPV in the D system

(             )

see laterNo C
PV No CPV

Gedalia, et. al (09).

If x is due to NP then it missed
a chance to revealed itself in O(1) CPV.☹
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The bound, continued:

Take |!s|, |!d| < 1

! |"12| < 0.01

Violation of this bound would require both |!s|, |!d| > 1. How could this happen?

Would require
sign(!ss) = "sign(!dd), and

!dd

!sd

> 2 and
!ss

!sd

< 0 or vice versa

In this case still expect |!s|, |!d| = O(1), and |"12| ! 0.01

ultimately, will be able to constrain |!s|, |!d| by considering sums over exclusive
state in !xy

An OPE analysis yields "12 << 0.01 for dim-6,7 operators Borowski et al, however the
authors have suggested that higher dimensional operators may yield "12 # 10!2

– p. 11

Knowledge of SU(3) breaking bounds absorptive part:
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SM

Updated bounds on CPV in SCS D0 ! K+K! , !+!! decays

The time-integrated CP asymmetry

af "
!(D0 # f) ! !(D0 # f)

!(D0 # f) + !(D0 # f)

Expanding to leading order in subleading amplitudes, mass difference, width difference

at the B-factories: Grossman, A.K., Nir

af = adir
f + aind, aind = am + ai

at CDF (due to cut on proper decay time):

af = adir
f + 2.40 aind (!+!!) ; af = adir

f + 2.65 aind (K+K!)

adir is direct CP violation

am: CP violation in mixing CPVMIX

ai: CP violation in the interference of decays with and without mixing CPVINT

the total indirect CP asymmetry aind is universal - independent of final state. Note
aind = "Y (the time-dependent CP asymmetry)

– p. 13
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Updated bounds on CPV in SCS D0 ! K+K! , !+!! decays

The time-integrated CP asymmetry
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Comparable to the �K bound!
Dispersive part needs to be controlled.
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Geometrical interpretation of flavor breaking:
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�
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1 (dLγµsL)(dLγµsL) + zD

1 (uLγµcL)(uLγµcL) + zD
4 (uLcR)(uRcL)

�
.

[More in  c=1, Fajfer, Singer, Zupan (03); Golowich, Hewett, Pakvasa, Petrov; Kagan, Sokolof (09)]

ces, that is, in the basis where the new operators are fla-
vor diagonal, the diagonalizing matrices of the Yukawa
couplings are at least as hierarchical as the CKM ma-
trix. This constitutes next-to-minimal minimal flavor vi-
olation (NMFV) [? ]. In this case there are new fla-
vor and CP violating parameters, so NMFV is almost
as generic as the class of models defined above by con-
ditions (I) and (II). However, our assumption of quasi-
alignment provides a useful way for “power counting” and
to estimate the size of the expected NP contributions.
Moreover it is also realized by many supersymmetric and
non-supersymmetric models (see [? ] for more details),
providing a powerful framework for model independent
analysis.

What is the expected size of the NP contribu-
tions? Four-fermion operators are generated when the
NP is integrated out at a scale of order !NMFV !
mX ! 3 TeV. Consider, for example, the opera-

tor
!

Q̄3Q3/!NMFV

"2
defined in the interaction basis

(gauge, Lorentz indices and O(1) coe"cients are omit-
ted). In the mass basis, this operator contributes to
#F = 2 processes as [(D!

L)3i(DL)3j Q̄iQj/!NMFV]2 !
[(V !

CKM)3i(VCKM)3j Q̄iQj/!NMFV]2, where DL is the ro-
tation matrix of the down type doublet quarks. Com-
paring the NP contributions to the SM ones we find that
within the NMFV we expect

hNMFV
K,d,s ! O(1) . (3)

The magnitudes of hK,d,s are inversely proportional to
the cuto$ of the theory and provide a measure of the
tuning in the model. Moreover, a connection between
!NMFV and mX relates this fine tuning to the one in
the Higgs sector. Consequently, just as in the case of
electroweak precision tests, any model of this class will
be disfavored if the constraints on the hK,d,s drop below
the 0.1 level.

Below we focus on NP in #F = 2 processes, which are
in general theoretically cleaner and have simpler opera-
tor structures. To constrain deviations from the SM in
these processes, the tree-level observables |Vub/Vcb| and
! extracted from the CP asymmetry in B± " DK±

modes are crucial, because they are una$ected by NP.
We consider in addition the following observables: the
B0

q B̄0
q (q = d, s) mass di$erences, #mq; CP violation

in B0
q mixing, Aq

SL [? ]; the time dependent CP asym-
metries in B0

d decays, S!K and S"",##,"#; and the time
dependent CP asymmetry in B0

s decay, S!$
1; the lifetime

di$erence between the CP -even and CP -odd Bs states,
#%CP

s [? ]. (Of these, As
SL and S!$ have not been mea-

sured, however, they will be important in the discussion
below.)

1 By S!" we mean the CP asymmetry divided by (1 ! 2fodd
!"

) to

correct for the CP -odd !" fraction, which also equals !S!#(!) .

The NP contributions to B0
d and B0

s mixing can be ex-
pressed in terms of four parameters, hq and "q defined

by M q
12 = (1 + hqe2i%q )M q,SM

12 , where M q,SM
12 is the dis-

persive part of the B0
q B̄0

q mixing amplitude in the SM.
(For a similar parameterization of NP in the K0 system,
see [? ].) Then the predictions for the above observables
are modified compared to the SM as follows:

#mq = #mSM
q

#

#1 + hqe
2i%q

#

#,

S!K = sin
$

2# + arg
!

1 + hde
2i%d

"%

,

S!$ = sin
$

2#s # arg
!

1 + hse
2i%s

"%

,

Aq
SL = Im

&

%q
12/

$

M q,SM
12 (1 + hqe

2i%q )
%'

,

#%CP
s = #%SM

s cos2
$

arg
!

1 + hse
2i%s

"%

. (4)

Here $ $ 0.23 is the Wolfenstein parameter, #s =
arg[#(VtsV !

tb)/(VcsV !
cb)] $ 1" is the angle of a squashed

unitarity triangle, and %q
12 is the absorptive part of the

B0
q B̄0

q mixing amplitude, which is probably not signifi-

cantly a$ected by NP. (We neglect O
!

M2
W /!2

NMFV

"

cor-
rections due to NP contributions to SM tree-level #F = 1
processes; for a di$erent approach, see [? ].)

Looking at Eq. (??) one notices a fundamental di$er-
ence between the Bd and Bs systems. The SM contri-
butions a$ecting the Bd system are related to the non-
degenerate unitarity triangle. Thus the determination of
hd, "d is strongly correlated with that of the Wolfenstein
parameters, %̄, &̄. On the other hand the unitarity trian-
gle relevant for the Bs system is nearly degenerate and
therefore the determination of hs, "s is almost indepen-
dent of %̄, &̄.

Figure ?? shows the allowed hs, "s parameter space
without (left) and with (right) the measurement of #ms

in Eq. (??) and the bound on #%CP
s , using the CKMfitter

package [? ].2 We used the constraint on the ratio

#md

#ms
=

#

#

#

#

1 + hde2i%d

1 + hse2i%s

#

#

#

#

#

#

#

#

Vtd

Vts

#

#

#

#

2 mBd

mBs

'2 , (5)

which is theoretically cleaner than either #md or #ms.
Since #md depends on hd, "d, %̄, &̄, in order to produce
the above plots these parameters were scanned over. We
can easily see that the new measurement excludes a large
part of the previously allowed parameter space. The ex-
cluded region around hs = 1 and "s = 90" would give
cancelling contributions to #ms. The decrease in CL
around hs = 1 is due to the #%CP

s constraint, which is
useful at present, largely because its central value dis-
favors any deviation from the SM. After a year of LHC
data, the bound from this quantity will probably be less
important, because of theoretical uncertainties.

2 Unless otherwise stated, the input parameters are as in [? ].

2

]

Deriving “immune” bound (against alignment)
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Geometrical interpretation of flavor breaking:
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[More in  c=1, Fajfer, Singer, Zupan (03); Golowich, Hewett, Pakvasa, Petrov; Kagan, Sokolof (09)]

ces, that is, in the basis where the new operators are fla-
vor diagonal, the diagonalizing matrices of the Yukawa
couplings are at least as hierarchical as the CKM ma-
trix. This constitutes next-to-minimal minimal flavor vi-
olation (NMFV) [? ]. In this case there are new fla-
vor and CP violating parameters, so NMFV is almost
as generic as the class of models defined above by con-
ditions (I) and (II). However, our assumption of quasi-
alignment provides a useful way for “power counting” and
to estimate the size of the expected NP contributions.
Moreover it is also realized by many supersymmetric and
non-supersymmetric models (see [? ] for more details),
providing a powerful framework for model independent
analysis.

What is the expected size of the NP contribu-
tions? Four-fermion operators are generated when the
NP is integrated out at a scale of order !NMFV !
mX ! 3 TeV. Consider, for example, the opera-

tor
!

Q̄3Q3/!NMFV

"2
defined in the interaction basis

(gauge, Lorentz indices and O(1) coe"cients are omit-
ted). In the mass basis, this operator contributes to
#F = 2 processes as [(D!

L)3i(DL)3j Q̄iQj/!NMFV]2 !
[(V !

CKM)3i(VCKM)3j Q̄iQj/!NMFV]2, where DL is the ro-
tation matrix of the down type doublet quarks. Com-
paring the NP contributions to the SM ones we find that
within the NMFV we expect

hNMFV
K,d,s ! O(1) . (3)

The magnitudes of hK,d,s are inversely proportional to
the cuto$ of the theory and provide a measure of the
tuning in the model. Moreover, a connection between
!NMFV and mX relates this fine tuning to the one in
the Higgs sector. Consequently, just as in the case of
electroweak precision tests, any model of this class will
be disfavored if the constraints on the hK,d,s drop below
the 0.1 level.

Below we focus on NP in #F = 2 processes, which are
in general theoretically cleaner and have simpler opera-
tor structures. To constrain deviations from the SM in
these processes, the tree-level observables |Vub/Vcb| and
! extracted from the CP asymmetry in B± " DK±

modes are crucial, because they are una$ected by NP.
We consider in addition the following observables: the
B0

q B̄0
q (q = d, s) mass di$erences, #mq; CP violation

in B0
q mixing, Aq

SL [? ]; the time dependent CP asym-
metries in B0

d decays, S!K and S"",##,"#; and the time
dependent CP asymmetry in B0

s decay, S!$
1; the lifetime

di$erence between the CP -even and CP -odd Bs states,
#%CP

s [? ]. (Of these, As
SL and S!$ have not been mea-

sured, however, they will be important in the discussion
below.)

1 By S!" we mean the CP asymmetry divided by (1 ! 2fodd
!"

) to

correct for the CP -odd !" fraction, which also equals !S!#(!) .

The NP contributions to B0
d and B0

s mixing can be ex-
pressed in terms of four parameters, hq and "q defined

by M q
12 = (1 + hqe2i%q )M q,SM

12 , where M q,SM
12 is the dis-

persive part of the B0
q B̄0

q mixing amplitude in the SM.
(For a similar parameterization of NP in the K0 system,
see [? ].) Then the predictions for the above observables
are modified compared to the SM as follows:

#mq = #mSM
q

#

#1 + hqe
2i%q

#
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S!K = sin
$

2# + arg
!
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&
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Here $ $ 0.23 is the Wolfenstein parameter, #s =
arg[#(VtsV !

tb)/(VcsV !
cb)] $ 1" is the angle of a squashed

unitarity triangle, and %q
12 is the absorptive part of the

B0
q B̄0

q mixing amplitude, which is probably not signifi-

cantly a$ected by NP. (We neglect O
!

M2
W /!2

NMFV

"

cor-
rections due to NP contributions to SM tree-level #F = 1
processes; for a di$erent approach, see [? ].)

Looking at Eq. (??) one notices a fundamental di$er-
ence between the Bd and Bs systems. The SM contri-
butions a$ecting the Bd system are related to the non-
degenerate unitarity triangle. Thus the determination of
hd, "d is strongly correlated with that of the Wolfenstein
parameters, %̄, &̄. On the other hand the unitarity trian-
gle relevant for the Bs system is nearly degenerate and
therefore the determination of hs, "s is almost indepen-
dent of %̄, &̄.

Figure ?? shows the allowed hs, "s parameter space
without (left) and with (right) the measurement of #ms

in Eq. (??) and the bound on #%CP
s , using the CKMfitter

package [? ].2 We used the constraint on the ratio

#md

#ms
=

#

#

#

#

1 + hde2i%d

1 + hse2i%s

#

#

#

#

#

#

#

#

Vtd

Vts

#

#

#

#

2 mBd

mBs

'2 , (5)

which is theoretically cleaner than either #md or #ms.
Since #md depends on hd, "d, %̄, &̄, in order to produce
the above plots these parameters were scanned over. We
can easily see that the new measurement excludes a large
part of the previously allowed parameter space. The ex-
cluded region around hs = 1 and "s = 90" would give
cancelling contributions to #ms. The decrease in CL
around hs = 1 is due to the #%CP

s constraint, which is
useful at present, largely because its central value dis-
favors any deviation from the SM. After a year of LHC
data, the bound from this quantity will probably be less
important, because of theoretical uncertainties.

2 Unless otherwise stated, the input parameters are as in [? ].
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Deriving “immune” bound (against alignment)
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Two gen’ flavor structure (no CPV)

.
XQ
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XQ

One cannot eliminate the constraint from K & D systems 
simultaneously!

Nir (07); Blum, Grossman, Nir & GP, PRL (09).
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σ3 = diag (1,−1)
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(i) Model independent; 
(ii) General minimal flavor violation (GMFV); 

Ciuchini, et al. (07); Csaki, et al. (08); Kagan, et al. (09); Gedalia, et al. (09,10,10); Blum, et al. (09); Buras et. al.; 
Csaki, et al. (09); Bauer, et al. (09); Bigi, et al. (09); Altmannshofer, et al. (09,10); Blanke, et al. (09); Crivellin & 
Davidkov (10).

Implications of CPV
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Robust (immune) bounds

Constraining the eigenvalue difference of  
flavor violation source, indep’ of it’s direction! 

flavor 
diagonal

No C
PV

XJ ∈ 0..1 = strength of CPV.

No bound is obtained in the 
absence of D system data!!
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CPV in D: Model Dependent 
Implications

(i) MFV (exciting #1);  [(ii) SUSY;  (iii) Randall-Sundrum (RS).]
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General MFV (GMFV) vs. Linear MFV (LMFV)

♦ Comparable NP contributions from strange & bottom (unlike SM)

first in the near future, while the second is masked by long distance contributions at the level
of a few percents [110]. Nevertheless, the ability to discriminate between these two cases is of
high theoretical importance, since it yields information about short distance physics (such as
the mediation scale of supersymmetry breaking via the Logs’ size or anomalous dimensions)
well beyond the direct reach of near future experiments.

6.2 Large bottom Yukawa

The effects of a large effective bottom Yukawa usually appear in two Higgs doublet models (such
as supersymmetry), but they can also be found in other NP frameworks without an extended
Higgs sector, where xDyb is of order one due to a large value of xD. In any case, we can still
assume that the Yukawa couplings are the only irreducible breaking sources of the flavor group.

For concreteness, we analyze the case of a two Higgs doublet model, which is described
by the Lagrangian in Eq. (1) (focusing only on the quark sector) with independent HU and
HD. This Lagrangian is invariant under an extra U(1) symmetry with respect to the one Higgs
case – a symmetry under which the only charged fields are D (charge +1) and HD (charge −1).
This symmetry, denoted U(1)PQ, prevents tree level FCNCs, and implies that YU,D are the
only sources of flavor breaking appearing in the Yukawa interaction (similar to the one Higgs
doublet scenario). By assumption, this also holds for all the low energy effective operators. This
is sufficient to ensure that flavor mixing is still governed by the CKM matrix, and naturally
guarantees a good agreement with present data in the ∆F = 2 sector. However, the extra
symmetry of the Yukawa interaction allows us to change the overall normalization of Y

U,D with
interesting phenomenological consequences in specific rare modes.

The normalization of the Yukawa couplings is controlled by the ratio of the vacuum expec-
tation values of the two Higgs fields, or by the parameter

tan β = �HU�/�HD� . (106)

For tan β � 1, the smallness of the b quark (and τ lepton) mass can be attributed to the
smallness of 1/ tan β, rather than to the corresponding Yukawa coupling. As a result, for
tan β � 1 we cannot anymore neglect the down type Yukawa coupling. Moreover, the U(1)PQ

symmetry cannot be exact – it has to be broken at least in the scalar potential in order to
avoid the presence of a massless pseudoscalar Higgs. Even if the breaking of U(1)PQ and GSM

are decoupled, the presence of U(1)PQ breaking sources can have important implications on the
structure of the Yukawa interaction, especially if tan β is large [37, 111, 112, 113].

Since the b quark Yukawa coupling becomes O(1), the large tan β regime is particularly
interesting for helicity-suppressed observables in B physics. One of the clearest phenomeno-
logical consequences is a suppression (typically in the 10 − 50% range) of the B → �ν decay
rate with respect to its SM expectation [114, 115, 116]. Potentially measurable effects in the
10 − 30% range are expected also in B → Xsγ [117, 118, 119] and ∆MBs [120, 121]. Given
the present measurements of B → �ν, B → Xsγ and ∆MBs , none of these effects seems to be
favored by data. However, present errors are still sizable compared to the estimated NP effects.

The most striking signature could arise from the rare decays Bs,d → �+�−, whose rates could
be enhanced over the SM expectations by more than one order of magnitude [122, 123, 124].
An enhancement of both Bs → �+�− and Bd → �+�− respecting the MFV relation Γ(Bs →
�+�−)/Γ(Bd → �+�−) ≈ |V CKM

ts /V
CKM
td |2 would be an unambiguous signature of MFV at large

tan β [109].
Dramatic effects are also possible in the up sector. The leading contribution of the LL

operator to D −D mixing is given by

C
cu
1 ∝

�
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2
s

�
V

CKM
cs

�∗
V

CKM
us + (1 + rGMFV)y2

b

�
V

CKM
cb

�∗
V

CKM
ub

�2 ∼ 3× 10−8ζ1 , (107)
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for tan β ∼ mt/mb, where rGMFV accounts for the necessary resummation of the down Yukawa,

and is expected to be an order one number. In such a case, the simple relation between the

contribution from the strange and bottom quarks does not apply [40]. We thus have

ζ1 = e2iγ
+ 2rsbe

iγ
+ r2

sb ∼ 1.7i + rGMFV [2.4i− 1− 0.7 rGMFV (1 + i)] ,

rsb ≡
y2

s

y2
b

����
V CKM

us V CKM
cs

V CKM
ub V CKM

cb

���� ∼ 0.5 ,
(108)

where γ ≈ 67
o

is the relevant phase of the unitarity triangle. We thus learn that MFV models

with two Higgs doublets can contribute to D − D mixing up to O(0.1) for very large tan β,

assuming a TeV NP scale. Moreover, the CPV part of these contributions is not suppressed

compared to the CP conserving part, and can provide a measurable signal. In Fig. 9 we show in

pink (yellow) the range predicted by the LMFV (GMFV) class of models. The GMFV yellow

band is obtained by scanning the range rGMFV ∈ (−1, +1) (but keeping the magnitude of Ccu
1

fixed for simplicity).

Sizeable contributions to top FCNC can also emerge for large tan β. For a MFV scale

of ∼ 1 TeV, this can lead to Br(t → cX) ∼ O(10
−5

) [40], which may be within the reach of

the LHC.

6.3 General MFV

The breaking of the GSM
flavor group and the breaking of the discrete CP symmetry are not

necessarily related, and we can add flavor diagonal CPV phases to generic MFV models [60,

61, 125]. Because of the experimental constraints on electric dipole moments (EDMs), which

are generally sensitive to such flavor diagonal phases [61], in this more general case the bounds

on the NP scale are substantially higher with respect to the “minimal” case, where the Yukawa

couplings are assumed to be the only breaking sources of both symmetries [37].

If tan β is large, the inclusion of flavor diagonal phases has interesting effects also in flavor

changing processes [126, 127, 128]. The main consequences, derived in a model independent

manner, can be summarized as follows [40]: (i) extra CPV can only arise from flavor diagonal

CPV sources in the UV theory; (ii) the extra CP phases in Bs − Bs mixing provide an upper

bound on the amount of CPV in Bd −Bd mixing; (iii) if operators containing RH light quarks

are subdominant, then the extra CPV is equal in the two systems, and is negligible in 2 → 1

transitions. Conversely, these operators can break the correlation between CPV in the Bs and

Bd systems, and can induce significant new CPV in �K .

We now analyze in detail this general MFV case, where both top and bottom effective

Yukawas are large and flavor diagonal phases are present, to prove the above conclusions. We

emphasize the differences between the LMFV case and the non-linear MFV (NLMFV) one.

It is shown below that even in the general scenario, there is a systematic expansion in small

quantities, V CKM
td , V CKM

ts , and light quark masses, while resumming in yt and yb. This is achieved

via a parametrization borrowed from non-linear σ-models
18

. Namely, in the limit of vanishing

weak gauge coupling (or mW → ∞), U(3)Q is enhanced to U(3)Qu × U(3)Qd , as discussed in

Sec. 3. The two groups are broken down to U(2)×U(1) by large third generation eigenvalues in

AQu,Qd , so that the low energy theory is described by a [U(3)/U(2)×U(1)]
2

non-linear σ-model.

Flavor violation arises due to the misalignment of YU and YD, given by V CKM
td and V CKM

ts , once

the weak interaction is turned on. It should be stressed that while below we implicitly assume

a two Higgs doublet model to allow for a large bottom Yukawa coupling, this assumption is not

necessary, and the analysis is essentially model independent.

As discussed in Sec. 3.3, the breaking of the flavor group is dominated by the top and

bottom Yukawa couplings. Yet here we also assume that the relevant off-diagonal elements of

18Another non-linear parameterization of MFV was presented in [129].
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General MFV (GMFV) vs. Linear MFV (LMFV)

♦ Comparable NP contributions from strange & bottom (unlike SM)

first in the near future, while the second is masked by long distance contributions at the level
of a few percents [110]. Nevertheless, the ability to discriminate between these two cases is of
high theoretical importance, since it yields information about short distance physics (such as
the mediation scale of supersymmetry breaking via the Logs’ size or anomalous dimensions)
well beyond the direct reach of near future experiments.

6.2 Large bottom Yukawa

The effects of a large effective bottom Yukawa usually appear in two Higgs doublet models (such
as supersymmetry), but they can also be found in other NP frameworks without an extended
Higgs sector, where xDyb is of order one due to a large value of xD. In any case, we can still
assume that the Yukawa couplings are the only irreducible breaking sources of the flavor group.

For concreteness, we analyze the case of a two Higgs doublet model, which is described
by the Lagrangian in Eq. (1) (focusing only on the quark sector) with independent HU and
HD. This Lagrangian is invariant under an extra U(1) symmetry with respect to the one Higgs
case – a symmetry under which the only charged fields are D (charge +1) and HD (charge −1).
This symmetry, denoted U(1)PQ, prevents tree level FCNCs, and implies that YU,D are the
only sources of flavor breaking appearing in the Yukawa interaction (similar to the one Higgs
doublet scenario). By assumption, this also holds for all the low energy effective operators. This
is sufficient to ensure that flavor mixing is still governed by the CKM matrix, and naturally
guarantees a good agreement with present data in the ∆F = 2 sector. However, the extra
symmetry of the Yukawa interaction allows us to change the overall normalization of Y

U,D with
interesting phenomenological consequences in specific rare modes.

The normalization of the Yukawa couplings is controlled by the ratio of the vacuum expec-
tation values of the two Higgs fields, or by the parameter

tan β = �HU�/�HD� . (106)

For tan β � 1, the smallness of the b quark (and τ lepton) mass can be attributed to the
smallness of 1/ tan β, rather than to the corresponding Yukawa coupling. As a result, for
tan β � 1 we cannot anymore neglect the down type Yukawa coupling. Moreover, the U(1)PQ

symmetry cannot be exact – it has to be broken at least in the scalar potential in order to
avoid the presence of a massless pseudoscalar Higgs. Even if the breaking of U(1)PQ and GSM

are decoupled, the presence of U(1)PQ breaking sources can have important implications on the
structure of the Yukawa interaction, especially if tan β is large [37, 111, 112, 113].

Since the b quark Yukawa coupling becomes O(1), the large tan β regime is particularly
interesting for helicity-suppressed observables in B physics. One of the clearest phenomeno-
logical consequences is a suppression (typically in the 10 − 50% range) of the B → �ν decay
rate with respect to its SM expectation [114, 115, 116]. Potentially measurable effects in the
10 − 30% range are expected also in B → Xsγ [117, 118, 119] and ∆MBs [120, 121]. Given
the present measurements of B → �ν, B → Xsγ and ∆MBs , none of these effects seems to be
favored by data. However, present errors are still sizable compared to the estimated NP effects.

The most striking signature could arise from the rare decays Bs,d → �+�−, whose rates could
be enhanced over the SM expectations by more than one order of magnitude [122, 123, 124].
An enhancement of both Bs → �+�− and Bd → �+�− respecting the MFV relation Γ(Bs →
�+�−)/Γ(Bd → �+�−) ≈ |V CKM

ts /V
CKM
td |2 would be an unambiguous signature of MFV at large

tan β [109].
Dramatic effects are also possible in the up sector. The leading contribution of the LL

operator to D −D mixing is given by
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for tan β ∼ mt/mb, where rGMFV accounts for the necessary resummation of the down Yukawa,

and is expected to be an order one number. In such a case, the simple relation between the

contribution from the strange and bottom quarks does not apply [40]. We thus have
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where γ ≈ 67
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is the relevant phase of the unitarity triangle. We thus learn that MFV models

with two Higgs doublets can contribute to D − D mixing up to O(0.1) for very large tan β,

assuming a TeV NP scale. Moreover, the CPV part of these contributions is not suppressed

compared to the CP conserving part, and can provide a measurable signal. In Fig. 9 we show in

pink (yellow) the range predicted by the LMFV (GMFV) class of models. The GMFV yellow

band is obtained by scanning the range rGMFV ∈ (−1, +1) (but keeping the magnitude of Ccu
1

fixed for simplicity).

Sizeable contributions to top FCNC can also emerge for large tan β. For a MFV scale

of ∼ 1 TeV, this can lead to Br(t → cX) ∼ O(10
−5

) [40], which may be within the reach of

the LHC.

6.3 General MFV

The breaking of the GSM
flavor group and the breaking of the discrete CP symmetry are not

necessarily related, and we can add flavor diagonal CPV phases to generic MFV models [60,

61, 125]. Because of the experimental constraints on electric dipole moments (EDMs), which

are generally sensitive to such flavor diagonal phases [61], in this more general case the bounds

on the NP scale are substantially higher with respect to the “minimal” case, where the Yukawa

couplings are assumed to be the only breaking sources of both symmetries [37].

If tan β is large, the inclusion of flavor diagonal phases has interesting effects also in flavor

changing processes [126, 127, 128]. The main consequences, derived in a model independent

manner, can be summarized as follows [40]: (i) extra CPV can only arise from flavor diagonal

CPV sources in the UV theory; (ii) the extra CP phases in Bs − Bs mixing provide an upper

bound on the amount of CPV in Bd −Bd mixing; (iii) if operators containing RH light quarks

are subdominant, then the extra CPV is equal in the two systems, and is negligible in 2 → 1

transitions. Conversely, these operators can break the correlation between CPV in the Bs and

Bd systems, and can induce significant new CPV in �K .

We now analyze in detail this general MFV case, where both top and bottom effective

Yukawas are large and flavor diagonal phases are present, to prove the above conclusions. We

emphasize the differences between the LMFV case and the non-linear MFV (NLMFV) one.

It is shown below that even in the general scenario, there is a systematic expansion in small

quantities, V CKM
td , V CKM

ts , and light quark masses, while resumming in yt and yb. This is achieved

via a parametrization borrowed from non-linear σ-models
18

. Namely, in the limit of vanishing

weak gauge coupling (or mW → ∞), U(3)Q is enhanced to U(3)Qu × U(3)Qd , as discussed in

Sec. 3. The two groups are broken down to U(2)×U(1) by large third generation eigenvalues in

AQu,Qd , so that the low energy theory is described by a [U(3)/U(2)×U(1)]
2

non-linear σ-model.

Flavor violation arises due to the misalignment of YU and YD, given by V CKM
td and V CKM

ts , once

the weak interaction is turned on. It should be stressed that while below we implicitly assume

a two Higgs doublet model to allow for a large bottom Yukawa coupling, this assumption is not

necessary, and the analysis is essentially model independent.

As discussed in Sec. 3.3, the breaking of the flavor group is dominated by the top and

bottom Yukawa couplings. Yet here we also assume that the relevant off-diagonal elements of

18Another non-linear parameterization of MFV was presented in [129].
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Alignment: SUSY+RS

q ij (δq
ij)MM �δq

ij�
d 12 0.03 0.002

d 13 0.2 0.07

d 23 0.6 0.2
u 12 0.1 0.008

Table 4: The phenomenological upper bounds on (δq
ij)MM and on �δq

ij�, where q = u, d and

M = L, R. The constraints are given for m̃q = 1 TeV and x ≡ m2
g̃/m̃

2
q = 1. We assume that

the phases could suppress the imaginary parts by a factor ∼ 0.3. The bound on (δd
23)RR is about

3 times weaker than that on (δd
23)LL (given in table). The constraints on (δd

12,13)MM , (δu
12)MM

and (δd
23)MM are based on, respectively, Refs. [143], [17] and [144].

q ij (δq
ij)LR

d 12 2× 10
−4

d 13 0.08

d 23 0.01

d 11 4.7× 10
−6

u 11 9.3× 10
−6

u 12 0.02

Table 5: The phenomenological upper bounds on chirality-mixing (δq
ij)LR, where q = u, d. The

constraints are given for m̃q = 1 TeV and x ≡ m2
g̃/m̃

2
q = 1. The constraints on δd

12,13, δu
12, δd

23

and δq
ii are based on, respectively, Refs. [143], [17], [144] and [147] (with the relation between

the neutron and quark EDMs as in [148]).

For large tan β, some constraints are modified from those in Table 4. For instance, the

effects of neutral Higgs exchange in Bs and Bd mixing give, for tan β = 30 and x = 1 (see [140,

145, 146] and refs. therein for details):

�δd
13� < 0.01

�
MA0

200 GeV

�
, �δd

23� < 0.04

�
MA0

200 GeV

�
, (132)

where MA0 denotes the pseudoscalar Higgs mass, and the above bounds scale roughly as

(30/ tan β)
2
.

The experimental constraints on the (δq
ij)LR parameters in the quark-squark sector are

presented in Table 5. The bounds are the same for (δq
ij)LR and (δq

ij)RL, except for (δd
12)MN ,

where the bound for MN = LR is 10 times weaker. Very strong constraints apply for the

phase of (δq
11)LR from EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on

(δu,d,�
11 )LR are weakened by a factor ∼ 6.

While, in general, the low energy flavor measurements constrain only the combinations of

the suppression factors from degeneracy and from alignment, such as Eq. (130), an interesting

exception occurs when combining the measurements of K0
–K0 and D0

–D0 mixing to test the

first two generation squark doublets (based on the analysis in Sec. 5.2.1). Here, for masses

below the TeV scale, some level of degeneracy is unavoidable [23]:

m eQ2
−m eQ1

m eQ2
+ m eQ1

≤
�

0.034 maximal phases

0.27 vanishing phases
(133)

Similarly, using ∆F = 1 processes involving the third generation (Sec. 5.2.2), the following

42

Taking [29] m̃Q = 1
2(m̃Q1 + m̃Q2) and similarly for the SU(2)-singlet squarks, we find that

we thus have an upper bound on the splitting between the first two squark generations:

mQ̃2
−mQ̃1

mQ̃2
+ mQ̃1

∼< 0.05− 0.14,

mũ2 −mũ1

mũ2 + mũ1
∼< 0.02− 0.04. (6.12)

The first bound applies to the up squark doublets, while the second to the average of the

doublet mass splitting and the singlet mass splitting. The range in each of the bounds

corresponds to values of the phase between zero and maximal. We can thus make the

following conclusions concerning models of alignment:

1. The mass splitting between the first two squark doublet generations should be below

14%. For phases of order one, the bound is about 2− 3 times stronger.

2. In the simplest models of alignment, the mass splitting between the first two squark

generations should be smaller than about four percent.

3. The second (stronger) bound can be avoided in more complicated models of alignment,

where holomorphic zeros suppress the mixing in the singlet sector.

4. While RGE effects can provide some level of universality, even for anarchical boundary

conditions, the upper bound (6.12) requires not only a high scale of mediation [30] but

also that, at the scale of mediation, the gluino mass is considerably higher than the

squark masses.

In any model where the splitting between the first two squark doublet generations is larger

than O(y2
c ), |K

uL
21 −KdL

21 | = sin θc = 0.23. Given the constraints from ∆mK and �K on |KdL
12 |,

one arrives at a constraint very similar to the first bound in Eq. (6.12). We conclude that

the constraints on the level of degeneracy between the squark doublets (stronger than five

to fourteen percent) applies to any supersymmetric model where the mass of the first two

squark doublet generations is below TeV. It is suggestive that the mechanism that mediates

supersymmetry breaking is flavor-universal, as in gauge mediation.

13

Robust Generic

SUSY (doom of alignment)

Robust Generic

Randall-Sundrum 

30% (60%) of the SM contributions [4, 5] in the Bd (K) system. The analytical expressions in

the table have roughly a 10% accuracy over the relevant range of parameters. Contributions

from scalar exchange, either Higgs [178, 182] or radion [183], are not included, since these are

more model dependent and known to be weaker [184] in the IR-localized Higgs case.

Constraints from ��/�K have a different parameter dependence than the �K constraints.

Explicitly, for β = 0, the ��/�K bound reads Mmin
G = 1.2y5D TeV. When combined with the �K

constraint, we find Mmin
G = 5.5 TeV with a corresponding ymin

5D = 4.5 [173].

The constraints summarized in Table 7 and the contributions to the neutron EDM which

generically require MKK > O (10 TeV) [66, 67] are a clear manifestation of the RS little CP

problem. The problem can be amended by various alignment mechanisms [101, 103, 104, 176,

185]. In this case, the bounds from the up sector, especially from CPV in the D system [18, 23],

become important. Constraints from ∆F = 1 processes (in either the down sector [66, 67,

186, 187, 188] or t → cZ [189]) are not included here, since they are weaker in general, and

furthermore, these contributions can be suppressed (see [186, 187, 188]) due to incorporation

of a custodial symmetry [190].

It is interesting to combine measurements from the down and the up sector in order to

obtain general bounds (as done for supersymmetry above). Using K and D mixing, Eq. (86),

the constraint on the RS framework is [23]

mKK > 2.1f 2
Q3

TeV , (144)

for a maximal phase, where fQ3 is typically in the range of 0.4-
√

2. We thus learn that the case

where the third generation doublet is maximally localized on the IR brane (fully composite) is

excluded, if we insist on mKK = 3 TeV, as allowed by electroweak precision tests (see e.g. [191]).

The bounds derived from ∆F = 1 and ∆F = 2 processes involving the third generation

are [58, 59]

mKK > 0.33f 2
Q3

TeV ,

mKK > 0.4f 2
Q3

TeV ,
(145)

respectively.

9 High pT Flavor Physics Beyond the SM

So far we have mostly focused on information that can be gathered from observables related to

flavor conversion and in particular to low energy experiments, the exception being top flavor

violation, which will be studied in great detail at the LHC. However, much insight can be

obtained on short distance flavor dynamics, if one is to observe new degrees of freedom which

couple to the SM flavor sector. This is why high pT collider analyses are also useful for flavor

physics (see e.g. [155, 192, 193, 194, 195, 196, 197, 198, 199, 200]). Below we discuss implications

of measurements related to both flavor diagonal information and flavor conversion transitions.

Most of the analysis discussed in the following is rather challenging to be done at the

LHC for the quark sector, due to the difficulty in distinguishing between jets originated from

first and second generation quarks. However, it is certainly possible to distinguish the third

generation quarks from the other ones. Furthermore, even though not discussed in this review,

the charged lepton sector, which possesses a similar approximate symmetry structure, allows

for rather straightforward flavor tagging. Therefore, some of the analysis discussed below can

be applied more directly to the lepton sector (see e.g. [201, 202, 203, 204, 205]). For the quark

sector, future progress in the frontier of charm tagging
19

may play a crucial role in extracting

19
Some progress has been recently achieved at the Tevatron in this direction [206], and one might expect that

the LHC would perform at least as well, given that its detectors are better (we thank Gustaaf Brooijmans for

bringing this point to our attention).
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30% (60%) of the SM contributions [4, 5] in the Bd (K) system. The analytical expressions in

the table have roughly a 10% accuracy over the relevant range of parameters. Contributions

from scalar exchange, either Higgs [178, 182] or radion [183], are not included, since these are

more model dependent and known to be weaker [184] in the IR-localized Higgs case.

Constraints from ��/�K have a different parameter dependence than the �K constraints.

Explicitly, for β = 0, the ��/�K bound reads Mmin
G = 1.2y5D TeV. When combined with the �K

constraint, we find Mmin
G = 5.5 TeV with a corresponding ymin

5D = 4.5 [173].

The constraints summarized in Table 7 and the contributions to the neutron EDM which

generically require MKK > O (10 TeV) [66, 67] are a clear manifestation of the RS little CP

problem. The problem can be amended by various alignment mechanisms [101, 103, 104, 176,

185]. In this case, the bounds from the up sector, especially from CPV in the D system [18, 23],

become important. Constraints from ∆F = 1 processes (in either the down sector [66, 67,

186, 187, 188] or t → cZ [189]) are not included here, since they are weaker in general, and

furthermore, these contributions can be suppressed (see [186, 187, 188]) due to incorporation

of a custodial symmetry [190].

It is interesting to combine measurements from the down and the up sector in order to

obtain general bounds (as done for supersymmetry above). Using K and D mixing, Eq. (86),

the constraint on the RS framework is [23]

mKK > 2.1f 2
Q3

TeV , (144)

for a maximal phase, where fQ3 is typically in the range of 0.4-
√

2. We thus learn that the case

where the third generation doublet is maximally localized on the IR brane (fully composite) is

excluded, if we insist on mKK = 3 TeV, as allowed by electroweak precision tests (see e.g. [191]).

The bounds derived from ∆F = 1 and ∆F = 2 processes involving the third generation

are [58, 59]

mKK > 0.33f 2
Q3

TeV ,

mKK > 0.4f 2
Q3

TeV ,
(145)

respectively.

9 High pT Flavor Physics Beyond the SM

So far we have mostly focused on information that can be gathered from observables related to

flavor conversion and in particular to low energy experiments, the exception being top flavor

violation, which will be studied in great detail at the LHC. However, much insight can be

obtained on short distance flavor dynamics, if one is to observe new degrees of freedom which

couple to the SM flavor sector. This is why high pT collider analyses are also useful for flavor

physics (see e.g. [155, 192, 193, 194, 195, 196, 197, 198, 199, 200]). Below we discuss implications

of measurements related to both flavor diagonal information and flavor conversion transitions.

Most of the analysis discussed in the following is rather challenging to be done at the

LHC for the quark sector, due to the difficulty in distinguishing between jets originated from

first and second generation quarks. However, it is certainly possible to distinguish the third

generation quarks from the other ones. Furthermore, even though not discussed in this review,

the charged lepton sector, which possesses a similar approximate symmetry structure, allows

for rather straightforward flavor tagging. Therefore, some of the analysis discussed below can

be applied more directly to the lepton sector (see e.g. [201, 202, 203, 204, 205]). For the quark

sector, future progress in the frontier of charm tagging
19

may play a crucial role in extracting

19
Some progress has been recently achieved at the Tevatron in this direction [206], and one might expect that

the LHC would perform at least as well, given that its detectors are better (we thank Gustaaf Brooijmans for

bringing this point to our attention).
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mKK >
4.9 (2.4)

y5D
TeV IR (bulk) Higgs 

Flavor fQ fU fD

1 Aλ3fQ3 ∼ 3× 10−3 mu
mt

fU3
Aλ3 ∼ 1× 10−3 md

mb

fD3
Aλ3 ∼ 2× 10−3

2 Aλ2fQ3 ∼ 1× 10−2 mc
mt

fU3
Aλ2 ∼ 0.1 ms

mb

fD3
Aλ2 ∼ 1× 10−2

3 mt
vy5DfU3

∼ 0.3
√

2 mb
mt

fU3 ∼ 2× 10−2

Table 6: Values of the fxi parameters (Eq. (139)) which reproduce the observed quark masses and
CKM mixing angles starting from anarchical 5D Yukawa couplings. We fix fU3 =

√
2 and y5D = 2

(see text).

Observable Mmin
G

[TeV] ymin
5D or fmax

Q3

IR Higgs β = 0 IR Higgs β = 0
CPV-BLLLL

d
12f 2

Q3
12f 2

Q3
fmax

Q3
= 0.5 fmax

Q3
= 0.5

CPV-BLLRR

d
4.2/y5D 2.4/y5D ymin

5D = 1.4 ymin
5D = 0.82

CPV-DLLLL 0.73f 2
Q3

0.73f 2
Q3

no bound no bound
CPV-DLLRR 4.9/y5D 2.4/y5D ymin

5D = 1.6 ymin
5D = 0.8

�LLLL

K
7.9f 2

Q3
7.9f 2

Q3
fmax

Q3
= 0.62 fmax

Q3
= 0.62

�LLRR

K
49/y5D 24/y5D above (142) ymin

5D = 8

Table 7: Most significant flavor constraints in the RS framework (taken from [78]). The values
of ymin

5D and fmax
Q3

correspond to MKK = 3 TeV. The bounds are obtained assuming maximal
CPV phases and gs∗ = 3. Entries marked ‘above (142)’ imply that for MKK = 3 TeV, y5D is
outside the perturbative range.

the number of KK levels, NKK, by the requirement that Yukawa interactions are perturbative
below the cutoff of the theory, Λ5D. In addition, it is bounded from below in order to account
for the large top mass. Hence the following range for y5D is obtained (see e.g. [104, 177]):

1

2
� y5D � 2π

NKK
for brane Higgs ;

1

2
� y5D � 4π√

NKK

for bulk Higgs , (142)

where we use the rescaling y5D → y5D

√
1 + β, which produces the correct β → ∞ limit [178]

and avoids subtleties in the β = 0 case.
With anarchical 5D Yukawa matrices, an RS residual little CP problem remains [104]: Too

large contributions to the neutron EDM [66, 67] and sizable chirally enhanced contributions
to �K [7, 65, 175, 179, 180] are predicted. The RS leading contribution to �K is generated by
a tree level KK gluon exchange, which leads to an effective coupling for the chirality-flipping
operator in Eq. (138) of the type [65, 173, 175, 179, 180]

CK

4 �
g2

s∗
M2

KK

fQ2fQ1fd2fd1r
g

00(cQ2)r
g

00(cd2) ∼
g2

s∗
M2

KK

2mdms

(vy5D)2

rg

00(cQ2)r
g

00(cd2)

rH

00(β, cQ1 , cd1)r
H

00(β, cQ2 , cd2)
. (143)

The final expression is independent of the fxi , so the bound in Table 1 can be translated into
constraints in the y5D − MKK plane. The analogous effects in the D and B systems yield
numerically weaker bounds. Another class of contributions, which involves only LH quarks, is
also important to constrain the fQ −MKK parameter space.

In Table 7 we summarize the resulting constraints. For the purpose of a quantitative
analysis we set gs∗ = 3, as obtained by matching to the 4D coupling at one-loop [177] (for
the impact of a smaller RS volume see [181]). The constraints related to CPV correspond to
maximal phases, and are subject to the requirement that the RS contributions are smaller than
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Gedalia, et. al (09).

squark doublets, 1TeV;                                                    average of the doublet & singlet mass splitting.

(constraining alignment)
Csaki, Falkowski & Weiler, PRD (09); Gedalia, et. al (09).
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Effective H for Bq, B̄q: H = M + iΓ/2 ;

Mass eigenstates: |BL,H� = p|Bq� + q|B̄q� .

M and ! are associated with (P 0, P 0) ! (P 0, P 0) transitions via o"-shell (dispersive) and

on-shell (absorptive) intermediate states, respectively. Diagonal elements of M and ! are

associated with the flavor-conserving transitions P 0 " P 0 and P 0 " P 0 while o"-diagonal

elements are associated with flavor-changing transitions P 0 ! P 0.

The eigenvectors of H have well defined masses and decay widths. We introduce complex

parameters pL,H and qL,H to specify the components of the strong interaction eigenstates,

P 0 and P 0, in the light (PL) and heavy (PH) mass eigenstates:

|PL,H# = pL,H |P 0#± qL,H |P 0# (75)

with the normalization |pL,H|2 + |qL,H |2 = 1. (Another possible choice, which is in standard

usage for K mesons, defines the mass eigenstates according to their lifetimes: KS for the

short-lived and KL for the long-lived state. The KL is experimentally found to be the heavier

state.) If either CP or CPT is a symmetry of H (independently of whether T is conserved

or violated) then M11 = M22 and !11 = !22, and solving the eigenvalue problem for H yields

pL = pH $ p and qL = qH $ q with

!

q

p

"2

=
M!

12 % (i/2)!!
12

M12 % (i/2)!12
. (76)

If either CP or T is a symmetry of H (independently of whether CPT is conserved or

violated), then M12 and !12 are relatively real, leading to

!

q

p

"2

= e2i!P &
#

#

#

#

#

q

p

#

#

#

#

#

= 1 , (77)

where !P is the arbitrary unphysical phase introduced in Eq. (70). If, and only if, CP is a

symmetry of H (independently of CPT and T) then both of the above conditions hold, with

the result that the mass eigenstates are orthogonal

'PH |PL# = |p|2 % |q|2 = 0 . (78)

From now on we assume that CPT is conserved.

The real and imaginary parts of the eigenvalues of H corresponding to |PL,H# repre-

sent their masses and decay-widths, respectively. The mass di"erence #m and the width

di"erence #! are defined as follows:

#m $ MH % ML, #! $ !H % !L. (79)
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

(            )

Dø recent update on dimuon CP anomaly;
Background & ∆Γs vs.Sψφ connection
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appear in scattering or decay amplitudes even when the Lagrangian is real. Their origin is

the possible contribution from intermediate on-shell states in the decay process. Since these

phases are generated by CP-invariant interactions, they are the same in Af and Af . Usually

the dominant rescattering is due to strong interactions and hence the designation “strong

phases” for the phase shifts so induced. Again, only the relative strong phases between

di!erent terms in the amplitude are physically meaningful.

The ‘weak’ and ‘strong’ phases discussed here appear in addition to the ‘spurious’ CP-

transformation phases of Eq. (71). Those spurious phases are due to an arbitrary choice of

phase convention, and do not originate from any dynamics or induce any CP violation. For

simplicity, we set them to zero from here on.

It is useful to write each contribution ai to Af in three parts: its magnitude |ai|, its

weak phase !i, and its strong phase "i. If, for example, there are two such contributions,

Af = a1 + a2, we have

Af = |a1|ei(!1+"1) + |a2|ei(!2+"2),

Af = |a1|ei(!1!"1) + |a2|ei(!2!"2). (96)

Similarly, for neutral meson decays, it is useful to write

M12 = |M12|ei"M , "12 = |"12|ei"! . (97)

Each of the phases appearing in Eqs. (96,97) is convention dependent, but combinations

such as "1 ! "2, !1 ! !2, !M ! !! and !M + !1 ! !1 (where !1 is a weak phase contributing

to Af ) are physical.

It is now straightforward to evaluate the various asymmetries in terms of the theoretical

parameters introduced here. We will do so with approximations that are often relevant to

the most interesting measured asymmetries.

1. The CP asymmetry in charged meson decays [Eq. (88)] is given by

Af± = ! 2|a1a2| sin("2 ! "1) sin(!2 ! !1)

|a1|2 + |a2|2 + 2|a1a2| cos("2 ! "1) cos(!2 ! !1)
. (98)

The quantity of most interest to theory is the weak phase di!erence !2 ! !1. Its extraction

from the asymmetry requires, however, that the amplitude ratio and the strong phase are

known. Both quantities depend on non-perturbative hadronic parameters that are di#cult

to calculate.

28

2. In the approximation that |!12/M12| ! 1 (valid for B and Bs mesons), the CP

asymmetry in semileptonic neutral-meson decays [Eq. (90)] is given by

ASL = "
!

!

!

!

!12

M12

!

!

!

!

sin(!M " !!). (99)

The quantity of most interest to theory is the weak phase !M " !!. Its extraction from

the asymmetry requires, however, that |!12/M12| is known. This quantity depends on long

distance physics that is di"cult to calculate.

3. In the approximations that only a single weak phase contributes to decay, Af =

|af |ei(!f +"f ), and that |!12/M12| = 0, we obtain |"f | = 1 and the CP asymmetries in decays

to a final CP eigenstate f [Eq. (93)] with eigenvalue #f = ±1 are given by

AfCP
(t) = Im("f ) sin(#mt) with Im("f ) = #f sin(!M + 2!f). (100)

Note that the phase so measured is purely a weak phase, and no hadronic parameters are

involved in the extraction of its value from Im("f ).

The discussion above allows us to introduce another classification:

1. Direct CP violation is one that cannot be accounted for by just !M #= 0. CP

violation in decay (type I) belongs to this class.

2. Indirect CP violation is consistent with taking !M #= 0 and setting all other CP

violating phases to zero. CP violation in mixing (type II) belongs to this class.

As concerns type III CP violation, observing #f1
Im("f1

) #= #f2
Im("f2

) (for the same de-

caying meson and two di$erent final CP eigenstates f1 and f2) would establish direct CP

violation. The significance of this classification is related to theory. In superweak models

[20], CP violation appears only in diagrams that contribute to M12, hence they predict that

there is no direct CP violation. In most models and, in particular, in the Standard Model,

CP violation is both direct and indirect. The experimental observation of $! #= 0 (see Section

V) excluded the superweak scenario.

V. K DECAYS

CP violation was discovered in K $ %% decays in 1964 [2]. The same mode provided the

first evidence for direct CP violation [3, 4, 5].
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aSL

Effective H for Bq, B̄q: H = M + iΓ/2 ;

Mass eigenstates: |BL,H� = p|Bq� + q|B̄q� .

M and ! are associated with (P 0, P 0) ! (P 0, P 0) transitions via o"-shell (dispersive) and

on-shell (absorptive) intermediate states, respectively. Diagonal elements of M and ! are

associated with the flavor-conserving transitions P 0 " P 0 and P 0 " P 0 while o"-diagonal

elements are associated with flavor-changing transitions P 0 ! P 0.

The eigenvectors of H have well defined masses and decay widths. We introduce complex

parameters pL,H and qL,H to specify the components of the strong interaction eigenstates,

P 0 and P 0, in the light (PL) and heavy (PH) mass eigenstates:

|PL,H# = pL,H |P 0#± qL,H |P 0# (75)

with the normalization |pL,H|2 + |qL,H |2 = 1. (Another possible choice, which is in standard

usage for K mesons, defines the mass eigenstates according to their lifetimes: KS for the

short-lived and KL for the long-lived state. The KL is experimentally found to be the heavier

state.) If either CP or CPT is a symmetry of H (independently of whether T is conserved

or violated) then M11 = M22 and !11 = !22, and solving the eigenvalue problem for H yields

pL = pH $ p and qL = qH $ q with

!

q

p

"2

=
M!

12 % (i/2)!!
12

M12 % (i/2)!12
. (76)

If either CP or T is a symmetry of H (independently of whether CPT is conserved or

violated), then M12 and !12 are relatively real, leading to

!

q

p

"2

= e2i!P &
#

#

#

#

#

q

p

#

#

#

#

#

= 1 , (77)

where !P is the arbitrary unphysical phase introduced in Eq. (70). If, and only if, CP is a

symmetry of H (independently of CPT and T) then both of the above conditions hold, with

the result that the mass eigenstates are orthogonal

'PH |PL# = |p|2 % |q|2 = 0 . (78)

From now on we assume that CPT is conserved.

The real and imaginary parts of the eigenvalues of H corresponding to |PL,H# repre-

sent their masses and decay-widths, respectively. The mass di"erence #m and the width

di"erence #! are defined as follows:

#m $ MH % ML, #! $ !H % !L. (79)
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

(            )
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appear in scattering or decay amplitudes even when the Lagrangian is real. Their origin is

the possible contribution from intermediate on-shell states in the decay process. Since these

phases are generated by CP-invariant interactions, they are the same in Af and Af . Usually

the dominant rescattering is due to strong interactions and hence the designation “strong

phases” for the phase shifts so induced. Again, only the relative strong phases between

di!erent terms in the amplitude are physically meaningful.

The ‘weak’ and ‘strong’ phases discussed here appear in addition to the ‘spurious’ CP-

transformation phases of Eq. (71). Those spurious phases are due to an arbitrary choice of

phase convention, and do not originate from any dynamics or induce any CP violation. For

simplicity, we set them to zero from here on.

It is useful to write each contribution ai to Af in three parts: its magnitude |ai|, its

weak phase !i, and its strong phase "i. If, for example, there are two such contributions,

Af = a1 + a2, we have

Af = |a1|ei(!1+"1) + |a2|ei(!2+"2),

Af = |a1|ei(!1!"1) + |a2|ei(!2!"2). (96)

Similarly, for neutral meson decays, it is useful to write

M12 = |M12|ei"M , "12 = |"12|ei"! . (97)

Each of the phases appearing in Eqs. (96,97) is convention dependent, but combinations

such as "1 ! "2, !1 ! !2, !M ! !! and !M + !1 ! !1 (where !1 is a weak phase contributing

to Af ) are physical.

It is now straightforward to evaluate the various asymmetries in terms of the theoretical

parameters introduced here. We will do so with approximations that are often relevant to

the most interesting measured asymmetries.

1. The CP asymmetry in charged meson decays [Eq. (88)] is given by

Af± = ! 2|a1a2| sin("2 ! "1) sin(!2 ! !1)

|a1|2 + |a2|2 + 2|a1a2| cos("2 ! "1) cos(!2 ! !1)
. (98)

The quantity of most interest to theory is the weak phase di!erence !2 ! !1. Its extraction

from the asymmetry requires, however, that the amplitude ratio and the strong phase are

known. Both quantities depend on non-perturbative hadronic parameters that are di#cult

to calculate.
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2. In the approximation that |!12/M12| ! 1 (valid for B and Bs mesons), the CP

asymmetry in semileptonic neutral-meson decays [Eq. (90)] is given by

ASL = "
!

!

!

!

!12

M12

!

!

!

!

sin(!M " !!). (99)

The quantity of most interest to theory is the weak phase !M " !!. Its extraction from

the asymmetry requires, however, that |!12/M12| is known. This quantity depends on long

distance physics that is di"cult to calculate.

3. In the approximations that only a single weak phase contributes to decay, Af =

|af |ei(!f +"f ), and that |!12/M12| = 0, we obtain |"f | = 1 and the CP asymmetries in decays

to a final CP eigenstate f [Eq. (93)] with eigenvalue #f = ±1 are given by

AfCP
(t) = Im("f ) sin(#mt) with Im("f ) = #f sin(!M + 2!f). (100)

Note that the phase so measured is purely a weak phase, and no hadronic parameters are

involved in the extraction of its value from Im("f ).

The discussion above allows us to introduce another classification:

1. Direct CP violation is one that cannot be accounted for by just !M #= 0. CP

violation in decay (type I) belongs to this class.

2. Indirect CP violation is consistent with taking !M #= 0 and setting all other CP

violating phases to zero. CP violation in mixing (type II) belongs to this class.

As concerns type III CP violation, observing #f1
Im("f1

) #= #f2
Im("f2

) (for the same de-

caying meson and two di$erent final CP eigenstates f1 and f2) would establish direct CP

violation. The significance of this classification is related to theory. In superweak models

[20], CP violation appears only in diagrams that contribute to M12, hence they predict that

there is no direct CP violation. In most models and, in particular, in the Standard Model,

CP violation is both direct and indirect. The experimental observation of $! #= 0 (see Section

V) excluded the superweak scenario.

V. K DECAYS

CP violation was discovered in K $ %% decays in 1964 [2]. The same mode provided the

first evidence for direct CP violation [3, 4, 5].
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aSL

♦   SM (GIM): ad,s
SL ∼

m2
c

m2
W

Im
�

VcbV ∗
cd,s

VtbV ∗
td,s

�
= O

�
10−2,−4

�

Effective H for Bq, B̄q: H = M + iΓ/2 ;

Mass eigenstates: |BL,H� = p|Bq� + q|B̄q� .

M and ! are associated with (P 0, P 0) ! (P 0, P 0) transitions via o"-shell (dispersive) and

on-shell (absorptive) intermediate states, respectively. Diagonal elements of M and ! are

associated with the flavor-conserving transitions P 0 " P 0 and P 0 " P 0 while o"-diagonal

elements are associated with flavor-changing transitions P 0 ! P 0.

The eigenvectors of H have well defined masses and decay widths. We introduce complex

parameters pL,H and qL,H to specify the components of the strong interaction eigenstates,

P 0 and P 0, in the light (PL) and heavy (PH) mass eigenstates:

|PL,H# = pL,H |P 0#± qL,H |P 0# (75)

with the normalization |pL,H|2 + |qL,H |2 = 1. (Another possible choice, which is in standard

usage for K mesons, defines the mass eigenstates according to their lifetimes: KS for the

short-lived and KL for the long-lived state. The KL is experimentally found to be the heavier

state.) If either CP or CPT is a symmetry of H (independently of whether T is conserved

or violated) then M11 = M22 and !11 = !22, and solving the eigenvalue problem for H yields

pL = pH $ p and qL = qH $ q with

!

q

p

"2

=
M!

12 % (i/2)!!
12

M12 % (i/2)!12
. (76)

If either CP or T is a symmetry of H (independently of whether CPT is conserved or

violated), then M12 and !12 are relatively real, leading to

!

q

p

"2

= e2i!P &
#

#

#

#

#

q

p

#

#

#

#

#

= 1 , (77)

where !P is the arbitrary unphysical phase introduced in Eq. (70). If, and only if, CP is a

symmetry of H (independently of CPT and T) then both of the above conditions hold, with

the result that the mass eigenstates are orthogonal

'PH |PL# = |p|2 % |q|2 = 0 . (78)

From now on we assume that CPT is conserved.

The real and imaginary parts of the eigenvalues of H corresponding to |PL,H# repre-

sent their masses and decay-widths, respectively. The mass di"erence #m and the width

di"erence #! are defined as follows:

#m $ MH % ML, #! $ !H % !L. (79)
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aSL = 1−|q/p|4
1+|q/p|4Hence:
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

(            )

Dø recent update on dimuon CP anomaly;
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

 (-0.787 ± 0.172 (stat) ± 0.093 (syst) )%
See talk by KASPER, Penny; D0, 1106.6308.

Lenz & Nierste, JHEP (07). 3.9σ deviation from the SM.
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

Grossman, Nir & Raz, PRL (06).
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

 (-0.787 ± 0.172 (stat) ± 0.093 (syst) )%
See talk by KASPER, Penny; D0, 1106.6308.

Lenz & Nierste, JHEP (07). 3.9σ deviation from the SM.
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FIG. 21: (color online). Measurements of Ab
sl with di!erent

muon IP selections in the (ad
sl, a

s
sl) plane. The bands represent

the ±1 standard deviation uncertainties on each individual
measurement. The ellipses represent the 68% and 95% two-
dimensional C.L. regions, respectively, of as

sl and as
sl values

obtained from the measurements with IP selections.

taking into account the correlation between the uncer-
tainties.
We conclude that the observed dependence of the like-

sign dimuon charge asymmetry on muon IP is consis-
tent with the hypothesis that it has its origin from semi-
leptonic b-hadron decays. The contributions of adsl and
assl to Ab

sl can be determined separately by dividing the
sample according to the muon IP, although the uncer-
tainties on the values of adsl and assl do not allow for the
definitive conclusion that the deviation of Ab

sl from its
SM prediction is dominated from the assl asymmetry.

XV. CONCLUSIONS

We have presented an update to the previous measure-
ment [11] of the anomalous like-sign dimuon charge asym-
metry Ab

sl with 9.0 fb!1 of integrated luminosity. The
analysis has improved criteria for muon selection, which
provide a stronger background suppression and increase
the size of the like-sign dimuon sample. A more accu-
rate measurement of the fraction of kaons that produce
muons in the inclusive muon sample (fK), and an addi-
tional measurement of the ratio of such yields in like-sign
dimuon to inclusive muon data (RK = FK/fK) using
K0

S ! !+!! decay have been performed. This provides
better precision of RK , and an independent estimate of

TABLE XXI: Input quantities for the measurement of Ab
sl

using muons with IP above 50 µm, 80 µm and 120 µm, re-
spectively. Only statistical uncertainties are given.

Quantity IP > 50 µm IP > 80 µm IP > 120 µm
fK ! 102 6.47 ± 0.18 5.38 ± 0.24 5.19 ± 0.37
f! ! 102 10.42 ± 0.47 7.24 ± 0.38 5.65 ± 0.40
fp ! 102 0.11 ± 0.05 0.07 ± 0.03 0.05 ± 0.03
FK ! 102 6.31 ± 1.73 4.79 ± 2.59 4.48 ± 4.05
F! ! 102 9.51 ± 2.36 6.39 ± 2.95 4.43 ± 3.95
Fp ! 102 0.11 ± 0.06 0.03 ± 0.04 0.03 ± 0.05
fS ! 102 82.99 ± 0.81 87.32 ± 0.74 89.11 ± 0.88
Fbkg ! 102 15.91 ± 4.38 11.39 ± 6.10 8.94 ± 8.26
FSS ! 102 85.63 ± 3.74 89.88 ± 5.10 91.79 ± 7.65
a! 102 +0.134 ± 0.004 +0.035 ± 0.005 "0.014 ± 0.005
abkg ! 102 +0.146 ± 0.024 +0.068 ± 0.023 +0.027 ± 0.023
A! 102 "0.302 ± 0.079 "0.386 ± 0.094 "0.529 ± 0.120
Abkg ! 102 "0.043 ± 0.071 "0.139 ± 0.083 "0.127 ± 0.093
C! 0.81 ± 0.03 0.75 ± 0.05 0.70 ± 0.05
CK 0.66 ± 0.03 0.52 ± 0.05 0.39 ± 0.06

FLL

(FLL+FSL) 0.108 ± 0.038 0.125 ± 0.060 0.089 ± 0.062
cb 0.084 ± 0.008 0.095 ± 0.009 0.109 ± 0.011
Cb 0.496 ± 0.034 0.510 ± 0.034 0.526 ± 0.037

TABLE XXII: Input quantities for the measurement of Ab
sl

using muons with IP below 50 µm, 80 µm and 120 µm, re-
spectively. Only statistical uncertainties are given.

Quantity IP < 50µm IP < 80 µm IP < 120 µm
fK ! 102 19.35 ± 0.33 18.32 ± 0.30 17.64 ± 0.27
f! ! 102 37.58 ± 2.08 34.34 ± 1.95 34.72 ± 1.86
fp ! 102 0.51 ± 0.22 0.48 ± 0.21 0.45 ± 0.20
FK ! 102 28.03 ± 0.95 23.79 ± 0.74 21.49 ± 0.62
F! ! 102 51.72 ± 3.18 44.26 ± 2.63 40.47 ± 2.26
Fp ! 102 0.77 ± 0.29 0.66 ± 0.25 0.59 ± 0.23
fS ! 102 42.56 ± 2.73 45.40 ± 2.13 47.18 ± 2.03
Fbkg ! 102 81.53 ± 4.30 70.13 ± 3.52 62.56 ± 3.07
FSS ! 102 43.42 ± 3.75 48.76 ± 2.84 53.66 ± 2.68
a! 102 +0.953 ± 0.003 +0.896 ± 0.003 +0.835 ± 0.002
abkg ! 102 +0.997 ± 0.056 +0.916 ± 0.052 +0.864 ± 0.049
A! 102 +0.715 ± 0.083 +0.683 ± 0.069 +0.555 ± 0.060
Abkg ! 102 +1.243 ± 0.096 +0.994 ± 0.082 +0.829 ± 0.077
C! 0.97 ± 0.01 0.95 ± 0.02 0.95 ± 0.02
CK 0.99 ± 0.01 0.98 ± 0.01 0.98 ± 0.01

FLL

(FLL+FSL) 0.441 ± 0.050 0.369 ± 0.032 0.350 ± 0.029
cb 0.033 ± 0.007 0.035 ± 0.007 0.038 ± 0.007
Cb 0.406 ± 0.032 0.406 ± 0.032 0.413 ± 0.032

the systematic uncertainty on this quantity. The value
of the like-sign dimuon charge asymmetry Ab

sl in semi-
leptonic b-hadron decays is found to be

Ab
sl = ("0.787± 0.172 (stat)± 0.093 (syst))%. (56)

This measurement disagrees with the prediction of the
standard model by 3.9 standard deviations and provides
evidence for anomalously large CP violation in semi-
leptonic neutral B decay. The residual charge asymme-
try of like-sign dimuon events after taking into account

Cutting on impact parameter
reduces background.
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

Grossman, Nir & Raz, PRL (06).

♦ Fragmentation        
Bd ↔ Bscorrelates

 =>
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Recently the DØ Collaboration reported a 3.2 σ deviation from the standard model prediction in
the like-sign dimuon asymmetry. We perform a global fit to models in which new physics contributes
only to Bd,s mixing, which can now be made independent of theoretical calculation of ∆Γd,s. This
framework gives a good fit to all measurements, and is consistent with all data, including the recent
CDF result on CP violation in Bs → ψφ. Assuming the new physics interpretation, we find that (i)
the data can be described by adding similar size new physics contribution (relative to the standard
model) in the Bd and Bs systems, and (ii) the data prefer larger CP violation in the Bs than in
the Bd system. The emerging pattern can be explained by general minimal flavor violation models,
with new flavor-diagonal CP-violating phases. This observation makes it simpler to speculate about
which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

ab

SL ≡
N++

b
−N−−

b

N++
b

+ N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
ab

SL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d

and B0
s

are produced, and hence ab

SL
is a linear combination of the two asymmetries [1]

ab

SL = (0.506± 0.043) ad

SL + (0.494± 0.043) as

SL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, dominated by the B factory measure-

ments, ad

SL = −(4.7 ± 4.6) × 10
−3

[3]; (ii) the flavor

specific asymmetry measured in the time dependence of

B0
s
→ µ+D−

s
X and its CP conjugate, as

fs = −(1.7±9.1±
1.5) × 10

−3
[4]; and (iii) the measurements of ∆Γs and

Sψφ (the CP asymmetry in the CP-even part of the ψφ
final state) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then as

fs = as

SL. The SM predictions for the asymmetries

ad

SL and as

SL are negligibly small, beyond the reach of

the Tevatron experiments [9–11]. If the evidence for the

sizable dimuon charge asymmetry, Eq. (1), is confirmed

with more statistics and by other experiments, it would

unequivocally point to CP violation beyond the CKM

mechanism of the standard model.

Present experimental errors on ad

SL and as

SL seperately

are larger than the error on their combination, ab

SL. From

Eq. (1) alone it is thus not clear if the tension with the SM

is in the Bd or in the Bs system. Existing bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM ones, while in Bs mixing

much larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the recent DØ

result, (1), is correlated with the Tevatron measurements

of Sψφ [12] (and ∆Γs). These measurements provide non-

trivial tests of our hypothesis.

Neglecting the SM contribution to Sψφ, the following

observables-only relation is obtained [13]:

as

SL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH−mL. Since all quantities in this rela-

tion have been constrained by data, our fit below can be

done independent of the theoretical calculation of ∆Γs,

the accuracy of which can be questioned [14]. Using the

new measurement in Eq. (1) together with Eq. (2), the

above relation implies

|∆Γs| � ∆ms

�
2.0 ab

SL − 1.0 ad

SL

� �
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. A global fit with all

uncertainties included is presented below. Substituting

Ligeti, Papucci & GP, PRL (06); Grossman, Nir & GP, PRL (09); 
Kagan & Sokolof, PRD (09); Lenz (11).

♦ Assuming no direct CP &              =>  correlation with βs = 0

other observables:

The dimuon anomaly & ∆Γs vs.Sψφ connection

♦ Tevatron & LHCb experiments:
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25th May 2010 Louise Oakes ~ CDF ~ FPCP2010

14

Coverage adjusted 2D likelihood contours for !s and "# 

New CDF measurement of !s

P-value for SM point: 44%
(0.8$ deviation)

Prospects for 2011

14

Current performance:

With current performance and only OS tagger 
expected s sensitivity for 1 fb-1 at 7 TeV is          
0.13 rad (SM value for s).                               
SS tagger will improve senitivity significantly. 

LHCb precision on s soon competitive!

Expect world best measurement w/ 2011 data
LHCb w/ 2011 data ?
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Model independent 
interpretation 

(from 2010 & assuming no direct CP)

X
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♦ Clean NP interpretation: 

uncertainties included is presented below. Substituting

the measured values of ∆ms and ab,d
SL , we find

|∆Γs| ∼
�
(0.28 ± 0.15) ps

−1
��

1− S2
ψφ

�
Sψφ . (5)

The combined 2.8 fb
−1

CDF and DØ analysis [? ?
? ] and the one-dimensional likelihood of the recent

CDF measurement [? ] gives best fit values around

(∆Γs, Sψφ) ∼ (±0.15 ps
−1, 0.5). This shows that the

new ab
SL measurement in Eq. (??) is consistent with the

previous data on ∆Γs and Sψφ, which by themselves have

been in a tension of about 2σ with the SM. While the

found consistency between different measurements is not

sufficient to establish the presence of physics beyond SM,

it is a non-trivial test of the assumption that NP con-

tributes only to neutral meson mixing.

We also point out that the Belle Collaboration has re-

ported a measurement related to the width difference of

the CP eigenstates, ∆ΓCP
s ≡ Γ+ − Γ−, using data from

the Υ(5S) run [? ] ∆ΓCP
s = (0.10± 0.025± 0.031) ps

−1
.

It is extracted under the assumption that the width dif-

ference is dominated by two-body CP eigenstates, which

while being a reasonable assumption probably requires

further investigation, and hence we do not use it in

our fit. Nevertheless, in our framework ∆ΓCP
s satisfies

S2
ψφ = 1−

�
∆ΓCP

s /∆Γs

�2
, so we can check for the consis-

tency between the Tevatron and Belle measurements (up

to two-fold discrete ambiguity). Substituting the best fit

value, ∆Γs ≈ 0.2 ps
−1

, we find Sψφ ≈ 0.85 ± 0.12, which

is consistent with the Tevatron result.

New physics in the mixing amplitudes of the Bd and

Bs mesons can in general be described by four real pa-

rameters, two for each of the two systems,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e2iσd,s

�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [? ]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,

∆Γs = ∆ΓSM
s cos

�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq

12/
�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = SSM
ψφ = arg[−(VtsV ∗

tb)/(VcsV ∗
cb)] = (1.04 ±

0.05)
◦

is the angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the potential NP contributions in the Bd

and Bs systems [see Eq. (??)]. Thus, in order to quanti-

tatively assess our NP hypothesis we perform a global fit

FIG. 1: The allowed range of hs, hd from the combined fit.

using the CKMfitter package [? ] to determine simulta-

neously the NP parameters hd,s, σd,s and the parameters

ρ̄ and η̄ of the SM CKM matrix.

For all results presented here, we used the post-

Beauty2009 CKMfitter input values [? ], except for the

lattice input parameters where we use [? ], and the most

recent experimental data. In Fig. (??) we show the re-

sults of the global fit projected onto the hd − hs plane

with 1σ (solid), 2σ (dashed), and 3σ (dotted) contours.

We find that the data show evidence for disagreement

with the SM or, differently stated, the no NP hypothe-

sis, hs = hd = 0 is disfavored at the JZ: check!:3.4σ
level. It is a bit stronger than the recent DØ measure-

ment due to the inclusion of the Tevatron combined ∆Γs

vs. Sψφ result. JZ: we need to change the above
Figure ?? shows the hs − σs and hd − σd fits. The

best fit region is for hs ∼ 0.5 with a sizable NP phase,

σs ∼ 120
◦
. Here the point hs = 0 is disfavored at only

3.1σ CL, since hs and hd are correlated. The analogous

plot in the hd−σd plane is shown in Fig. ??; in this case

the data is consistent with no new physics contributions

in Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q symme-

try are favored (in the SM this is due to the smallness of

the masses in the first two generations and the smallness

of the mixing with the third generation quarks), or if a

hierarchy, such as hs � hd, is required. In Fig. ?? we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

2

uncertainties included is presented below. Substituting

the measured values of ∆ms and ab,d
SL , we find

|∆Γs| ∼
�
(0.28 ± 0.15) ps

−1
��

1− S2
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The combined 2.8 fb
−1

CDF and DØ analysis [? ?
? ] and the one-dimensional likelihood of the recent

CDF measurement [? ] gives best fit values around

(∆Γs, Sψφ) ∼ (±0.15 ps
−1, 0.5). This shows that the

new ab
SL measurement in Eq. (??) is consistent with the

previous data on ∆Γs and Sψφ, which by themselves have

been in a tension of about 2σ with the SM. While the

found consistency between different measurements is not

sufficient to establish the presence of physics beyond SM,

it is a non-trivial test of the assumption that NP con-

tributes only to neutral meson mixing.

We also point out that the Belle Collaboration has re-

ported a measurement related to the width difference of

the CP eigenstates, ∆ΓCP
s ≡ Γ+ − Γ−, using data from

the Υ(5S) run [? ] ∆ΓCP
s = (0.10± 0.025± 0.031) ps

−1
.

It is extracted under the assumption that the width dif-

ference is dominated by two-body CP eigenstates, which

while being a reasonable assumption probably requires

further investigation, and hence we do not use it in

our fit. Nevertheless, in our framework ∆ΓCP
s satisfies

S2
ψφ = 1−

�
∆ΓCP

s /∆Γs

�2
, so we can check for the consis-

tency between the Tevatron and Belle measurements (up

to two-fold discrete ambiguity). Substituting the best fit

value, ∆Γs ≈ 0.2 ps
−1

, we find Sψφ ≈ 0.85 ± 0.12, which

is consistent with the Tevatron result.

New physics in the mixing amplitudes of the Bd and

Bs mesons can in general be described by four real pa-

rameters, two for each of the two systems,

Md,s
12 =
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Md,s

12

�SM �
1 + hd,s e2iσd,s

�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [? ]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,

∆Γs = ∆ΓSM
s cos
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arg
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1 + hse
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,
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SL = Im
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SψK = sin
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2β + arg
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,

Sψφ = sin
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2βs − arg
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1 + hse
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. (7)

Here βs = SSM
ψφ = arg[−(VtsV ∗

tb)/(VcsV ∗
cb)] = (1.04 ±

0.05)
◦

is the angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the potential NP contributions in the Bd

and Bs systems [see Eq. (??)]. Thus, in order to quanti-

tatively assess our NP hypothesis we perform a global fit

FIG. 1: The allowed range of hs, hd from the combined fit.

using the CKMfitter package [? ] to determine simulta-

neously the NP parameters hd,s, σd,s and the parameters

ρ̄ and η̄ of the SM CKM matrix.

For all results presented here, we used the post-

Beauty2009 CKMfitter input values [? ], except for the

lattice input parameters where we use [? ], and the most

recent experimental data. In Fig. (??) we show the re-

sults of the global fit projected onto the hd − hs plane

with 1σ (solid), 2σ (dashed), and 3σ (dotted) contours.

We find that the data show evidence for disagreement

with the SM or, differently stated, the no NP hypothe-

sis, hs = hd = 0 is disfavored at the JZ: check!:3.4σ
level. It is a bit stronger than the recent DØ measure-

ment due to the inclusion of the Tevatron combined ∆Γs

vs. Sψφ result. JZ: we need to change the above
Figure ?? shows the hs − σs and hd − σd fits. The

best fit region is for hs ∼ 0.5 with a sizable NP phase,

σs ∼ 120
◦
. Here the point hs = 0 is disfavored at only

3.1σ CL, since hs and hd are correlated. The analogous

plot in the hd−σd plane is shown in Fig. ??; in this case

the data is consistent with no new physics contributions

in Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q symme-

try are favored (in the SM this is due to the smallness of

the masses in the first two generations and the smallness

of the mixing with the third generation quarks), or if a

hierarchy, such as hs � hd, is required. In Fig. ?? we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

2

(∆Γs is taken from the fit → not theory involved)

Global NP fit

hi : magnitude of NP normalized to SM.

σi : NP relative phase.

35



Global fit’s results 
Ligeti, Papucci, GP, Zupan;
Lenz, Nierste \w CKMFitter; UTFit.

SM

Bd vs. Bs systems

36



Global fit’s results 
Ligeti, Papucci, GP, Zupan;
Lenz, Nierste \w CKMFitter; UTFit.

SM

Data favors
hs > hd

Bd vs. Bs systems
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Universal case: hd = hs , σd = σs

Viable with some tension.

FIG. 2: The allowed ranges of hs, σs (left) and hd, σd (right) from the combined fit to all four NP parameters.

the SM limit, hb = 0, is obtained at less than 3σ CL, the

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-

tribute mainly to ∆F = 2 processes via the mixing am-

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

Π�4

Π�2

3Π�4

Π

hb

Σ
b

0.6827
0.9545
0.9973

CL

FIG. 3: The allowed hb, σb range assuming SU(2) universality.

plitude. As is well known, these processes are highly

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [18]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [19] where new diagonal CP

violating phases are present [20, 21]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄α

Lγµqα
L b̄

β
Lγµq

β
L, O

bq
2 = b̄α

Rqα
L b̄

β
Rq

β
L,

O
bq
3 = b̄α

Rq
β
L b̄

β
Rqα

L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the suppression from the bottom Yukawa, yb, is

not taken into account in ΛMFV;1, since CP violation in

this case requires resummation of large effective bottom

Yukawa coupling [21, 23]. In general the presence of fla-

vor diagonal phases could contribute to the neutron elec-

tric dipole moment [24]. However, this effect arises from

a different class of operators and requires a separate in-

vestigation. Another interesting aspect of these flavor di-

agonal phases is that there are examples where these can

contribute to the generation of matter-antimatter asym-

metry, another issue which deserves further investigation.

3
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Lessons from the data, model indep’

♦ Tension with SM prediction, new CPV source required.
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Lessons from the data, model indep’

♦ Tension with SM prediction, new CPV source required.

♦ SU(2)q approx’ universality,               , can accommodate 

data; arise in many models with NP effects via 3rd gen’.
hs ∼ hd
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Lessons from the data, model indep’

♦ Tension with SM prediction, new CPV source required.

♦ SU(2)q approx’ universality,               , can accommodate 

data; arise in many models with NP effects via 3rd gen’.
hs ∼ hd

♦ However, data favors                  ,  more challenging.                 

(most theoretical explanation involved tuning of parameters)

hs � hd
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Some Model Dependent Implications

GMFV: (i) EFT [(ii) Higgs exchange (iii) warped Xtra dim’]
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GMFV(general minimal flavor violation): simple 
framework that account for data

♦ MFV (@ TeV) + flavor diag’ phases => O(1) CPV in b->d,s. 
Colangelo, Nikolidakis & Smith, Eur. Phys. J. (09); Kagan, GP, Volansky & Zupan (09).

♦ Surprisingly it can accommodate both above cases: 

(1) hs ∼ hd , (2) hs � hd .
Buras, Carlucci, Gori & Isidori; Ligeti, Papucci, GP, Zupan (10).
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Top Diag’ Flavor Physics @ LHC Flavor Diagonal Information

41



The approximate U(2) (mu=md=ms=mc=0)

0th order question for a 3x3 adjoint:
Is a residual U(2) conserved? 

(In the following plots, S has been taken to be zero. In the context of gauge mediation, the initial

S vanishes and we currently neglect its evolution.) These universal pieces are non-negligible in the

analysis below, since the di!erence between yc and yt dictates a di!erence between the resulting

contributions from these terms.

Denote the scale at which SUSY is broken by µ0, and say have universal boundary conditions

in the doublet and up-singlet squark sectors seperately. We can extract the di!erence between

the evolution of the 2nd and 3rd generation components of the soft terms in say the LL sector by

considering the ratio between the projection of the RG-evolved mass-squared matrix m2
QL

on the

Gell-Mann matrices "3 and "8, defined as

r3/8 =
1

n3/8

Tr("3m2
QL

)

Tr("8m2
QL

)
, (2.4)

where

"3 =
1!
2
diag(1,"1, 0), "8 =

1!
6
diag(1, 1,"2), (2.5)

and n3/8 is a normalization to the LMFV relation via

n3/8 =
Tr("3m2

u)

Tr("8m2
u)

# 1.1 · 10!5, m2
u = diag(0,m2

c ,m
2
t ),

mc(mZ) = 0.619 GeV, mt(mZ) = 172 GeV.

(2.6)

Due to the presence of the universal terms in the RG equations (2.2)-(2.3), the ratio r3/8 depends

on the initial values of the gaugino and squark soft terms. To get some flavor, consider minimal

models of messenger gauge mediation, say with one set of messengers. The initial soft terms are

given by [8]

Ma =
!a

4"
", a = 1, 2, 3,

m2
!i

= 2"2
3!

a=1

"!a

4"

#2
Ca(i), #i = QL, UR etc.,

(2.7)

where " is the e!ective SUSY breaking scale (for a messenger superfield S the relation is " =

$FS%/$S%), Ca(i) are the quadratic Casimir group theory invariants for the superfield #i, and for

the relevant fields are given by

C3(QL, UR) = 4/3, C2(QL) = 3/4, C2(UR) = 0, C1(#i) = 3Y 2
!i

/5, (2.8)

with Y!i
the hypercharge of the field.

4
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The approximate U(2) (mu=md=ms=mc=0)

0th order question for a 3x3 adjoint:
Is a residual U(2) conserved? 

(In the following plots, S has been taken to be zero. In the context of gauge mediation, the initial

S vanishes and we currently neglect its evolution.) These universal pieces are non-negligible in the

analysis below, since the di!erence between yc and yt dictates a di!erence between the resulting

contributions from these terms.

Denote the scale at which SUSY is broken by µ0, and say have universal boundary conditions

in the doublet and up-singlet squark sectors seperately. We can extract the di!erence between

the evolution of the 2nd and 3rd generation components of the soft terms in say the LL sector by

considering the ratio between the projection of the RG-evolved mass-squared matrix m2
QL

on the

Gell-Mann matrices "3 and "8, defined as

r3/8 =
1

n3/8

Tr("3m2
QL

)

Tr("8m2
QL

)
, (2.4)

where

"3 =
1!
2
diag(1,"1, 0), "8 =

1!
6
diag(1, 1,"2), (2.5)

and n3/8 is a normalization to the LMFV relation via

n3/8 =
Tr("3m2

u)

Tr("8m2
u)

# 1.1 · 10!5, m2
u = diag(0,m2

c ,m
2
t ),

mc(mZ) = 0.619 GeV, mt(mZ) = 172 GeV.

(2.6)

Due to the presence of the universal terms in the RG equations (2.2)-(2.3), the ratio r3/8 depends

on the initial values of the gaugino and squark soft terms. To get some flavor, consider minimal

models of messenger gauge mediation, say with one set of messengers. The initial soft terms are

given by [8]

Ma =
!a

4"
", a = 1, 2, 3,

m2
!i

= 2"2
3!

a=1

"!a

4"

#2
Ca(i), #i = QL, UR etc.,

(2.7)

where " is the e!ective SUSY breaking scale (for a messenger superfield S the relation is " =

$FS%/$S%), Ca(i) are the quadratic Casimir group theory invariants for the superfield #i, and for

the relevant fields are given by

C3(QL, UR) = 4/3, C2(QL) = 3/4, C2(UR) = 0, C1(#i) = 3Y 2
!i

/5, (2.8)

with Y!i
the hypercharge of the field.

4

(In the following plots, S has been taken to be zero. In the context of gauge mediation, the initial

S vanishes and we currently neglect its evolution.) These universal pieces are non-negligible in the

analysis below, since the di!erence between yc and yt dictates a di!erence between the resulting

contributions from these terms.

Denote the scale at which SUSY is broken by µ0, and say have universal boundary conditions

in the doublet and up-singlet squark sectors seperately. We can extract the di!erence between

the evolution of the 2nd and 3rd generation components of the soft terms in say the LL sector by

considering the ratio between the projection of the RG-evolved mass-squared matrix m2
QL

on the

Gell-Mann matrices "3 and "8, defined as

r3/8 =
1

n3/8

Tr("3m2
QL

)

Tr("8m2
QL

)
, (2.4)

where

"3 =
1!
2
diag(1,"1, 0), "8 =

1!
6
diag(1, 1,"2), (2.5)

and n3/8 is a normalization to the LMFV relation via

n3/8 =
Tr("3m2

u)

Tr("8m2
u)

# 1.1 · 10!5, m2
u = diag(0,m2

c ,m
2
t ),
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on the initial values of the gaugino and squark soft terms. To get some flavor, consider minimal
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given by [8]
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The approximate U(2) (mu=md=ms=mc=0)

0th order question for a 3x3 adjoint:
Is a residual U(2) conserved? 

XQ

(In the following plots, S has been taken to be zero. In the context of gauge mediation, the initial

S vanishes and we currently neglect its evolution.) These universal pieces are non-negligible in the

analysis below, since the di!erence between yc and yt dictates a di!erence between the resulting

contributions from these terms.

Denote the scale at which SUSY is broken by µ0, and say have universal boundary conditions

in the doublet and up-singlet squark sectors seperately. We can extract the di!erence between

the evolution of the 2nd and 3rd generation components of the soft terms in say the LL sector by

considering the ratio between the projection of the RG-evolved mass-squared matrix m2
QL

on the

Gell-Mann matrices "3 and "8, defined as

r3/8 =
1

n3/8

Tr("3m2
QL

)

Tr("8m2
QL

)
, (2.4)

where

"3 =
1!
2
diag(1,"1, 0), "8 =

1!
6
diag(1, 1,"2), (2.5)

and n3/8 is a normalization to the LMFV relation via

n3/8 =
Tr("3m2

u)

Tr("8m2
u)

# 1.1 · 10!5, m2
u = diag(0,m2

c ,m
2
t ),

mc(mZ) = 0.619 GeV, mt(mZ) = 172 GeV.

(2.6)

Due to the presence of the universal terms in the RG equations (2.2)-(2.3), the ratio r3/8 depends

on the initial values of the gaugino and squark soft terms. To get some flavor, consider minimal

models of messenger gauge mediation, say with one set of messengers. The initial soft terms are

given by [8]

Ma =
!a

4"
", a = 1, 2, 3,

m2
!i

= 2"2
3!

a=1

"!a

4"

#2
Ca(i), #i = QL, UR etc.,

(2.7)

where " is the e!ective SUSY breaking scale (for a messenger superfield S the relation is " =

$FS%/$S%), Ca(i) are the quadratic Casimir group theory invariants for the superfield #i, and for

the relevant fields are given by

C3(QL, UR) = 4/3, C2(QL) = 3/4, C2(UR) = 0, C1(#i) = 3Y 2
!i

/5, (2.8)

with Y!i
the hypercharge of the field.

4

(In the following plots, S has been taken to be zero. In the context of gauge mediation, the initial

S vanishes and we currently neglect its evolution.) These universal pieces are non-negligible in the

analysis below, since the di!erence between yc and yt dictates a di!erence between the resulting

contributions from these terms.

Denote the scale at which SUSY is broken by µ0, and say have universal boundary conditions

in the doublet and up-singlet squark sectors seperately. We can extract the di!erence between

the evolution of the 2nd and 3rd generation components of the soft terms in say the LL sector by

considering the ratio between the projection of the RG-evolved mass-squared matrix m2
QL

on the

Gell-Mann matrices "3 and "8, defined as

r3/8 =
1

n3/8

Tr("3m2
QL

)

Tr("8m2
QL

)
, (2.4)

where

"3 =
1!
2
diag(1,"1, 0), "8 =

1!
6
diag(1, 1,"2), (2.5)

and n3/8 is a normalization to the LMFV relation via

n3/8 =
Tr("3m2

u)

Tr("8m2
u)

# 1.1 · 10!5, m2
u = diag(0,m2

c ,m
2
t ),

mc(mZ) = 0.619 GeV, mt(mZ) = 172 GeV.

(2.6)

Due to the presence of the universal terms in the RG equations (2.2)-(2.3), the ratio r3/8 depends

on the initial values of the gaugino and squark soft terms. To get some flavor, consider minimal

models of messenger gauge mediation, say with one set of messengers. The initial soft terms are

given by [8]

Ma =
!a

4"
", a = 1, 2, 3,

m2
!i

= 2"2
3!

a=1

"!a

4"

#2
Ca(i), #i = QL, UR etc.,

(2.7)

where " is the e!ective SUSY breaking scale (for a messenger superfield S the relation is " =

$FS%/$S%), Ca(i) are the quadratic Casimir group theory invariants for the superfield #i, and for

the relevant fields are given by

C3(QL, UR) = 4/3, C2(QL) = 3/4, C2(UR) = 0, C1(#i) = 3Y 2
!i

/5, (2.8)

with Y!i
the hypercharge of the field.

4

42



The approximate U(2) (mu=md=ms=mc=0)

0th order question for a 3x3 adjoint:
Is a residual U(2) conserved? 
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The approximate U(2) (mu=md=ms=mc=0)

0th order question for a 3x3 adjoint:
Is a residual U(2) conserved? 

Breaking of U(2) => sensation!
Can the LHC answer?
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Refining the question: SUSY example, U(2) vs U(3) 
breaking & t-resummation, within MFV

Feng, et al., PRD (09); D. Grossman, Hochberg, GP & Soreq, in preparation. 
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Same thing for 5D warped model (flavor triviality)

D. Grossman, Hochberg, GP & Soreq, in preparation. 

t-resummation
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leading order
LinearMFV
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Delaunay, Gedalia, Lee, GP & Ponton, (10); (11). 
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FIG. 2: The ratio r3/8 of Eq. (3.3) (left) and r8/av of Eq. (3.4) (right) as a function of a for c = 0.55.

III. r3/8 KK GLUON COUPLING IN RS

The e!ective coupling of quarks to the first KK-gluon is given by, [10]:

g2
ij =

1 ! 2cij
u

1 ! !1!2cij
u

"
2

J1(2.4)

0.7

6 ! 4cij
u

!
1 + ecij

u /2
"

, ! # 10!16 , (3.1)

cij
u = c"ij + a(YuY †

u )ij . (3.2)

YS: here f(c) is of LH field. for RH c $ !c. We can calculate the ratio r3/8 and r8/av for

this case:

r3/8 =
1

n3/8

Tr("3g2)

Tr("8g2)
, (3.3)

and

r8/av = !
Tr("8g2)

Tr("avg2)
. (3.4)

Both are plotted in Fig. 2.

IV. FINE-TUNING

The estimation of the fine-tuning in the Higgs sector is given by

FT =
3

8#2
y2

i "
2 ·

1

m2
h

(4.1)

where mh is the Higgs mass taken here to be mh = 140 GeV, yi is the Yukawa of the i-quark and

" is the cut-o! scale. For " > 1 TeV, the running quark masses can be approximated by:

mi(") = mi(1TeV)
#
1 ! ti log

$
!

TeV

%&
,

ts = 0.026 tc = 0.028 tb = 0.03 tt = 0.025 , (4.2)

6

Partial widths (flavor diag’) is affected by 5D mass/anomalous dim’.
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The top-flavor connectionForward-backward asymmetry in tt̄ production

Charge-(a)symmetric cross section

!a(s) =

! 1

0
cos "

"

d!(pp̄ ! tt̄X )

d cos "
" (+)

d!(pp̄ ! t̄tX )

d cos "

#

P P̄

q̄q

t

t̄ B F

!
At

FB =
Nt(F ) " Nt(B)

Nt(F ) + Nt(B)
=

!a

!s

Measurement at Tevatron: inclusive and in bins of invariant mass Mtt̄

(At
FB)pp̄

exp = (15.0 ± 5.0stat ± 2.4syst)%

(At
FB)Mtt̄ > 450 GeV

exp # (At,>
FB )exp = (47.5 ± 11.4)%

[CDF ’11]

245



 top experimental anomalies 
✦ D0 inclusive/leptonic (EPS):

✦ CDF had-lep, differential:

✦ CDF di-lepton:

✦ CDF di-lepton, differential (not-unfolded):

20

Finally, we look at App̄ as a function of the b-tag mul-

tiplicity. We observed in Sec. VII that the inclusive App̄

is zero in the double b-tagged events. In Table XVII, we

see that this pattern persists at high mass, although the

statistical precision is poor. Appealing again to pseudo-

experiments with Poisson fluctuations, we find that a ra-

tio of double to single tag App̄ as small as that in the data

occurs in 6% of all pseudo-experiments with mc@nlo.
We conclude that the low value of App̄ in the double b-
tagged sample is consistent with a statistical fluctuation.

IX. CONCLUSIONS

We have studied the forward-backward asymmetry of

top quark pairs produced in 1.96 TeV pp̄ collisions at

the Fermilab Tevatron. In a sample of 1260 events in

the lepton+jet decay topology, we measure the parton-

level inclusive asymmetry in both the laboratory and tt̄
rest frame, and rapidity-dependent, and Mtt̄-dependent

asymmetries in the tt̄ rest frame. We compare to NLO

predictions for the small charge asymmetry of QCD.

The laboratory frame measurement uses the rapidity

of the hadronically decaying top system and combines

the two lepton charge samples under the assumption of

CP conservation. This distribution shows a parton-level

forward backward asymmetry in the laboratory frame of

App̄ = 0.150 ± 0.055 (stat+sys). This has less than 1%

probability of representing a fluctuation from zero, and

is two standard deviations above the predicted asymme-

try from NLO QCD. We also study the frame-invariant

difference of the rapidities, ∆y = yt − yt̄, which is pro-

portional to the top quark rapidity in the tt̄ rest frame.

Asymmetries in ∆y are identical to those in the t pro-

duction angle in the tt̄ rest frame. We find a parton-level

asymmetry of Att̄ = 0.158 ± 0.075 (stat+sys), which is

somewhat higher than, but not inconsistent with, the

NLO QCD expectation of 0.058± 0.009.
In the tt̄ rest frame we measure fully corrected asym-

metries at small and large ∆y

Att̄(|∆y| < 1.0) = 0.026± 0.118
Att̄(|∆y| ≥ 1.0) = 0.611± 0.256

to be compared with mcfm predictions of 0.039 ± 0.006
and 0.123± 0.008 for these ∆y regions respectively.

In the tt̄ rest frame the asymmetry is a rising function

of the tt̄ invariant mass Mtt̄, with parton level asymme-

tries

Att̄(Mtt̄ < 450 GeV/c2) = −0.116± 0.153
Att̄(Mtt̄ ≥ 450 GeV/c2) = 0.475± 0.114

to be compared with mcfm predictions of 0.040 ± 0.006
and 0.088±0.013 for these Mtt̄ regions respectively. The

asymmetry at high mass is 3.4 standard deviations above

the NLO prediction for the charge asymmetry of QCD,

however we are aware that the accuracy of these theo-

retical predictions are under study. The separate results

at high mass and large ∆y contain partially independent

information on the asymmetry mechanism.

The asymmetries reverse sign under interchange of lep-

ton charge in a manner consistent with CP conservation.

The tt̄ frame asymmetry for Mtt̄ ≥ 450 GeV/c2 is found

to be robust against variations in tt̄ reconstruction qual-

ity and secondary vertex b-tagging. When the high-mass

data is divided by the lepton flavor, the asymmetries

are larger in muonic events, but statistically compatible

across species. Simple studies of the jet multiplicity and

frame dependence of the asymmetry at high mass may

offer the possibility of discriminating between the NLO

QCD effect and other models for the asymmetry, but the

statistical power of these comparisons is currently insuf-

ficient for any conclusion.

The measurements presented here suggest that the

modest inclusive tt̄ production asymmetry originates

from a significant effect at large rapidity difference ∆y
and total invariant mass Mtt̄. The predominantly qq̄
collisions of the Fermilab Tevatron are an ideal environ-

ment for further examination of this effect, and additional

studies are in progress.
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X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and
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Abstract

In this note, we report on a measurement of the forward-backward asym-
metry in tt̄ production in pp̄ collisions at

√
s = 1.96 TeV using 334 dilepton

candidates observed in 5.1 fb−1 beam data. We look at the asymmetry of the
rapidity difference between top and anti-top (∆yt) and find the asymmetry of
the reconstructed ∆yt to be

Aobs = 0.138± 0.054(stat.) ,

and the asymmetry of the background subtracted ∆yt distribution to be

Asub = 0.205± 0.073(stat.)± 0.021(bkg. shape) .

We also measure an asymmetry of a true ∆yt distribution which is speculated
by assuming an asymmetry as a function of ∆yt to be A(∆yt) = α∆yt, and find
the true asymmetry on the assumption to be

Atrue = 0.417± 0.148(stat.)± 0.053(syst.) .
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Figure 61: The background subtracted ∆yt distribution assuming that background

shape from QCD fake events has completely opposite sign, i.e. letting −∆yt for fake

background prediction. The asymmetry of the background subtracted ∆yt distribution

on the assumption is found to be Afake flip
sub = 0.179±0.073±0.015. The discrepancy from

the nominal fake prediction case is 0.025 which corresponds to 1.2σ of the background

shape systematic uncertainty.

Figure 65 shows the reconstructed Mtt̄ distribution of dilepton candidates in 5.1 fb
−1

data. The distribution of data is consistent with the prediction.

Figure 66 show the scatter plots of reconstructed Mtt̄ versus the true value of the

corresponding variable for dilepton candidates in tt̄ Monte Carlo events generated with

PYTHIA (ttop25). The event cluster in the diagonal region indicates the reconstructed

variable is well reproduced as the generated variable. The reconstructed Mtt̄ is slightly

biased toward low mass side since in the kinematical reconstruction method we assume

lower Mtt̄ has higher probability (See Fig. 17).

Figure 67, 68 show the reconstructed ∆yt distributions for the DIL candidates

with the reconstructed Mtt̄ < 450 GeV and Mtt̄ > 450GeV, respectively. The raw

asymmetries are found to be

A<450 GeV
obs = 0.104± 0.066(stat.) (Pred. : 0.003± 0.031)

A>450 GeV
obs = 0.212± 0.096(stat.) (Pred. : − 0.040± 0.055) .
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✦ CDF boosted tops                                            :
”Excess”∼

�
3.2− 6.1

�
1−Rmass

��
σ, Rmass � 0.89 ⇒ 2.6 σ

�
pJ

T > 400GeV, 130GeV < mJ < 210GeV
�

Eshel et al. (11); Blum et al. (11).

A = (19.6 ± 6.0+1.8 )%/(15.2±3.8+1.0)%
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Naively, the AFB has nothing to do with flavor

The two leading interpretation linked to flavor physics:

  (I) AFB from hard physics:
(i) Requires that                    . gtt̄ = −guū Chivukula, et al. (10); Cao, et al. (10); 

Delaunay, et al.; Aguilar-Saavedra, et al. (11).

(ii) ATLAS+CMS dijets bound implies                     . guū/gtt̄ ∼ 1
5

ATLAS; CMS; Bai, et al. (11); Delaunay et al. (11).

Flavor diagonal
but not universal/blind!!

47



Naively, the AFB has nothing to do with flavor

The two leading interpretation linked to flavor physics:

  (II) AFB from particle exchange (many models):
7

FIG. 6: Left panel: this diagram contributes to the tt̄ asymmetry, through interference with gluonic contributions to the
same process in the Standard Model. Right panel: a similar diagram gives rise to same-sign top quark production at tree
level. Experimental constraints on tt, t̄t̄ production must be taken into account when attempting to explain the observed tt̄
asymmetry.

V. t− t̄ FORWARD-BACKWARD ASYMMETRY AT THE TEVATRON

The forward-backward asymmetry in top quark pair production at the Tevatron has first been studied by the D0

and CDF experiments in Refs. [52, 53], and recently measured by CDF using a significantly larger dataset [16]. This

new analysis finds a 3.4σ discrepancy between the prediction of the Standard Model and the asymmetry measured in

events with a large tt̄ invariant mass (the discrepancy is less than 2σ if all values of the tt̄ invariant mass are included).

A more recent analysis by CDF identifies further evidence for such a discrepancy among tt̄ dilepton events [17].

One possible explanation for this discrepancy is a flavor-violating chirally coupled Z � boson that mixes, for instance,

up and top quarks [22, 54–59].3 Since such a Z � boson contributes to tt̄ production only in the t-channel (as shown in

Fig. 6), it will not necessarily lead to unacceptable modifications to the total tt̄ cross section, although contributions

to other processes such as same-sign top production (also shown in Fig. 6) must be taken into account.

To assess in more detail the consistency of a flavor-violating Z � boson with the CDF data, we consider the model

proposed in Ref. [22] in which the Z � couples through the operator

gutZ�Z �
µūγ

µPRt+ h.c. , (1)

where PR = (1+ γ5)/2 is the projector onto right-chiral states, and gutZ� is the flavor-violating Z � coupling constant.

We have simulated tree-level tt̄ production in this model at the parton-level using MadGraph/MadEvent. We compute

the tt̄ asymmetry in the tt̄ rest frame as

Att̄
Z� =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
, (2)

where N(∆y ≶ 0) is the number of events in which the rapidity difference between the top and the anti-top quark is

less/greater than zero. Since our simulation is carried out at tree level, it includes only the new physics contribution to

the asymmetry, but not the Standard Model terms which arise at next-to-leading order. To compare our predictions to

CDF data, we therefore add the Standard Model asymmetry, which we take from Ref. [16]. In the left panel of Fig. 7,

we show the tt̄ asymmetry predicted in the Z � model (including the Standard Model contribution) for mZ� = 150 GeV,

gutZ� = 0.5, and compare it to CDF data and to the Standard Model prediction alone. We observe that the Z � model

can explain the increase of the asymmetry with increasing tt̄ invariant mass mtt̄.

In the right panel of Fig. 7, we show the preferred regions of the Z � parameter space. We find that a Z � with a mass

between 100 and 300 GeV, and couplings gutZ� on the order of ∼ 0.3–0.8 provides the best fit to the experimental

observations. We also show the constraints on the Z � model coming from measurements of the total cross section of

3 An alternative possibility is a W � boson coupling down and top quarks [60, 61]. Alternatively, axigluons [62–65] or other heavy color
multiplets [66–70] (but see also [71]) can be invoked to explain the CDF tt̄ asymmetry.

x(i) Again dijet kills the universal case. 

(ii) By itself flavor diagonal:                       .         gx
ut̄ = gx

11̄ − gx
33̄

Grinstein, et al.; Ligeti, et al. (11)
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we show the tt̄ asymmetry predicted in the Z � model (including the Standard Model contribution) for mZ� = 150 GeV,
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In the right panel of Fig. 7, we show the preferred regions of the Z � parameter space. We find that a Z � with a mass
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x(i) Again dijet kills the universal case. 

(ii) By itself flavor diagonal:                       .         gx
ut̄ = gx

11̄ − gx
33̄

Grinstein, et al.; Ligeti, et al. (11)

(iii) However, x must be aware (aligned) of  the presence of      .    Yu
Blum, et al. (11)
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x(i) Again dijet kills the universal case. 

(ii) By itself flavor diagonal:                       .         gx
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33̄

Grinstein, et al.; Ligeti, et al. (11)

λ8 ∝ diag(0, 0, 1)

λ4 =
0 0 1
0 0 0
1 0 0

(iii) However, x must be aware (aligned) of  the presence of      .    Yu
Blum, et al. (11)
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same process in the Standard Model. Right panel: a similar diagram gives rise to same-sign top quark production at tree
level. Experimental constraints on tt, t̄t̄ production must be taken into account when attempting to explain the observed tt̄
asymmetry.

V. t− t̄ FORWARD-BACKWARD ASYMMETRY AT THE TEVATRON

The forward-backward asymmetry in top quark pair production at the Tevatron has first been studied by the D0

and CDF experiments in Refs. [52, 53], and recently measured by CDF using a significantly larger dataset [16]. This

new analysis finds a 3.4σ discrepancy between the prediction of the Standard Model and the asymmetry measured in

events with a large tt̄ invariant mass (the discrepancy is less than 2σ if all values of the tt̄ invariant mass are included).

A more recent analysis by CDF identifies further evidence for such a discrepancy among tt̄ dilepton events [17].

One possible explanation for this discrepancy is a flavor-violating chirally coupled Z � boson that mixes, for instance,

up and top quarks [22, 54–59].3 Since such a Z � boson contributes to tt̄ production only in the t-channel (as shown in

Fig. 6), it will not necessarily lead to unacceptable modifications to the total tt̄ cross section, although contributions

to other processes such as same-sign top production (also shown in Fig. 6) must be taken into account.

To assess in more detail the consistency of a flavor-violating Z � boson with the CDF data, we consider the model

proposed in Ref. [22] in which the Z � couples through the operator

gutZ�Z �
µūγ

µPRt+ h.c. , (1)

where PR = (1+ γ5)/2 is the projector onto right-chiral states, and gutZ� is the flavor-violating Z � coupling constant.

We have simulated tree-level tt̄ production in this model at the parton-level using MadGraph/MadEvent. We compute

the tt̄ asymmetry in the tt̄ rest frame as

Att̄
Z� =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
, (2)

where N(∆y ≶ 0) is the number of events in which the rapidity difference between the top and the anti-top quark is

less/greater than zero. Since our simulation is carried out at tree level, it includes only the new physics contribution to

the asymmetry, but not the Standard Model terms which arise at next-to-leading order. To compare our predictions to

CDF data, we therefore add the Standard Model asymmetry, which we take from Ref. [16]. In the left panel of Fig. 7,

we show the tt̄ asymmetry predicted in the Z � model (including the Standard Model contribution) for mZ� = 150 GeV,

gutZ� = 0.5, and compare it to CDF data and to the Standard Model prediction alone. We observe that the Z � model

can explain the increase of the asymmetry with increasing tt̄ invariant mass mtt̄.

In the right panel of Fig. 7, we show the preferred regions of the Z � parameter space. We find that a Z � with a mass

between 100 and 300 GeV, and couplings gutZ� on the order of ∼ 0.3–0.8 provides the best fit to the experimental

observations. We also show the constraints on the Z � model coming from measurements of the total cross section of

3 An alternative possibility is a W � boson coupling down and top quarks [60, 61]. Alternatively, axigluons [62–65] or other heavy color
multiplets [66–70] (but see also [71]) can be invoked to explain the CDF tt̄ asymmetry.
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b jet detection efficiency. The fact that this is in the ball
park of the mistag rates found by ATLAS and CMS [? ?
] (for a b-tagging efficiency of 50%) is encouraging. For
charm jets, the Wc background can be brought to a level
at or below the top signal with a far more modest mistag
rate (consistent with [? ? ]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. ?? (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [? ], and
a prior NLO analysis [? ]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second b
jet in the forward direction, may allow a further reduc-
tion of the single top background. It is important to note
that the LHCb is sensitive to models in which single top
production receives a large forward enhancement (see [?
] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [? ] for showering and hadronization.
FastJet [? ] has been employed for jet clustering us-
ing the anti-kt [? ] algorithm with R = 0.4. Cuts of

pT > 50 GeV are imposed on the leading b or light jet.
For the jj background we assume a j → b mistag rate
of 1 : 100, as discussed above. Fake j → µ muons origi-
nate from calorimeter punch through and also from early
leptonic decays of pions and kaons. The former can be
removed with a cut on the maximum energy deposited
in the hadronic calorimeters [? ]. The muons originating
from decay in flight can be efficiently rejected by requir-
ing an isolation cut. We estimate the rejection power by
requiring that the subleading jet in pT contains only a
single particle (pion or kaon). In addition, we employ an
early leptonic decay rate of 10−3, as obtained with a full
detector simulation in [? ]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting
in a rejection power of 1 : 105. In Fig. ??, the raw jj
and bb backgrounds (drawn in thick dot-dashed green and
dotted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. ?? shows, after the cuts described above and
with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. ??,
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(In the following plots, S has been taken to be zero. In the context of gauge mediation, the initial

S vanishes and we currently neglect its evolution.) These universal pieces are non-negligible in the

analysis below, since the di!erence between yc and yt dictates a di!erence between the resulting

contributions from these terms.

Denote the scale at which SUSY is broken by µ0, and say have universal boundary conditions

in the doublet and up-singlet squark sectors seperately. We can extract the di!erence between

the evolution of the 2nd and 3rd generation components of the soft terms in say the LL sector by

considering the ratio between the projection of the RG-evolved mass-squared matrix m2
QL

on the

Gell-Mann matrices "3 and "8, defined as

r3/8 =
1

n3/8

Tr("3m2
QL

)

Tr("8m2
QL

)
, (2.4)

where

"3 =
1!
2
diag(1,"1, 0), "8 =

1!
6
diag(1, 1,"2), (2.5)

and n3/8 is a normalization to the LMFV relation via

n3/8 =
Tr("3m2

u)

Tr("8m2
u)

# 1.1 · 10!5, m2
u = diag(0,m2

c ,m
2
t ),

mc(mZ) = 0.619 GeV, mt(mZ) = 172 GeV.

(2.6)

Due to the presence of the universal terms in the RG equations (2.2)-(2.3), the ratio r3/8 depends

on the initial values of the gaugino and squark soft terms. To get some flavor, consider minimal

models of messenger gauge mediation, say with one set of messengers. The initial soft terms are

given by [8]

Ma =
!a

4"
", a = 1, 2, 3,

m2
!i

= 2"2
3!

a=1

"!a

4"

#2
Ca(i), #i = QL, UR etc.,

(2.7)

where " is the e!ective SUSY breaking scale (for a messenger superfield S the relation is " =

$FS%/$S%), Ca(i) are the quadratic Casimir group theory invariants for the superfield #i, and for

the relevant fields are given by

C3(QL, UR) = 4/3, C2(QL) = 3/4, C2(UR) = 0, C1(#i) = 3Y 2
!i

/5, (2.8)

with Y!i
the hypercharge of the field.
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New physics flavor diagonal structure (spectrum or 
couplings) => microscopic information.
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Possible linkage between low E & high E signals 
in 3rd generation physics @ the LHC era.

favor of the anarchic warped extra dimension framework if one is to prove experimentally that

the decay channels into the light quarks are much smaller than the tt̄ one. The challenge in this

measurement would be to compete against the continuous di-jet background. The ability to

have charm tagging is obviously a major advantage in such a scenario. Not only that it would

help to suppress the background, but also a bound on the deviation from universality could be

translated to a bound on the warped extra dimension volume, and thus hint for the amount of

hierarchy produced by the warping [181, 211].

To conclude the subject of flavor diagonal information, we schematically show possible

consequences in Figs. 12 and 13. The former presents different structures of the spectrum

or coupling of newly discovered degrees of freedom, and the latter demonstrates how such a

measurement at the LHC affects the NP parameter space, in addition to existing low energy

bounds.

Figure 12: A schematic representation of some possible spectra or coupling structure of new

degrees of freedom. The x axis symbols the difference in mass/coupling between the third

generation and the first two, and the y axis is for the difference between the first two generations.

The red solid arrow represents a 2 + 1 structure of the spectrum/coupling, the dashed green

arrow stands for an anarchic structure (generally excluded) and the blue circle at the origin

signifies complete degeneracy.

9.2 Flavor non-diagonal information

So far we have mostly considered flavor conversion at low energies. In the following we briefly

mention possible signals in which new degrees of freedom are involved in flavor converting pro-

cesses, hopefully to be discovered soon at the LHC. Clearly, more direct information regarding

flavor physics would be obtained in case the new states induce some form of flavor breaking

beyond non-universality. For concreteness, let us give a few examples for such a possibility:

• A sfermion, say squark, which decays to a gaugino and either of two different quark

flavors, both with considerable rate [196].

• A gluino which decays to quark and squark of a different flavor with a sizable rate [198].

• A lifetime measurement of a long lived stop [195, 199].

• A single stop production from the charm sea content due to large scharm-stop mixing.
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Possible linkage between low E & high E signals 
in 3rd generation physics @ the LHC era.

Figure 13: A schematic representation of bounds on the new physics parameter space, given by

the mixing between two generations θij and the difference in mass/coupling. Left: A typical

present constraint arising from not observing deviations from the SM predictions (the allowed

region is colored). Right: Adding a possible measurement of a mass/coupling difference at the

LHC. This figure is inspired by a plot from [212].

Figure 14: A schematic representation of bounds on the new physics parameter space. Here we

include, in addition to the low energy data and the mass/coupling difference measurement in

Fig. 13, a positive signal of flavor violation at the LHC.
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cesses, hopefully to be discovered soon at the LHC. Clearly, more direct information regarding

flavor physics would be obtained in case the new states induce some form of flavor breaking

beyond non-universality. For concreteness, let us give a few examples for such a possibility:

• A sfermion, say squark, which decays to a gaugino and either of two different quark

flavors, both with considerable rate [196].

• A gluino which decays to quark and squark of a different flavor with a sizable rate [198].
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• A single stop production from the charm sea content due to large scharm-stop mixing.
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!12 = !
!

!2
s !ss + 2!s!d !sd + !2

d !dd

"

, where !p = VcpV
!

up

!xy in the OPE picture

!ss : via SCS operators c " ss̄u

!dd : via SCS operators c " dd̄u

!sd : via CF & DCS operators c " sd̄u , c " ds̄u

from a sum over decays to common exclusive final states Falk et al.:

!2
s!ss = !

X

n

"CP(n) cos #n

q

B(D0 ! n)B(D0 ! n̄) , ....

#n = strong phase difference between A(D0 ! n) and A(D̄0 ! n); "CP = ±1
– p.
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Derivation of the SM bound

using CKM unitarity, can write !12 = !0
12 + ! !0

12 (responsible for "12)

!0
12 = !#2

s ( !ss ! 2 !sd + !dd), ! !12 = 2#s#b (!sd ! !dd) ! #2
b !dd

"12 = arg(M12/!12) " !Im(! !12/!0
12) #

"12 = 2 |#b#s| sin $
!sd

!0
12

„

!sd ! !dd

!sd

+

˛

˛

˛

˛

#b

#s

˛

˛

˛

˛

cos $
!dd

!sd

«

taking |y| = |!0
12|/! (can ignore CPV here)#

|"12| = 2

˛

˛

˛

˛

#b #s sin $

y

˛

˛

˛

˛

$

˛

˛

˛

˛

!sd

!

˛

˛

˛

˛

$

˛

˛

˛

˛

!sd ! !dd

!sd

+

˛

˛

˛

˛

#b

#s

˛

˛

˛

˛

cos $
!dd

!sd

˛

˛

˛

˛

with experimental inputs for y, CKM obtain

|"12| = 0.008 $

˛

˛

˛

˛

!sd

!

˛

˛

˛

˛

$

˛

˛

˛

˛

!sd ! !dd

!sd

+ 2.5 $ 10!4 !dd

!sd

˛

˛

˛

˛

– p.

Introduce additional SU(3)F breaking parameters:

!d !
!dd " !sd

!sd

, !s !
!ss " !sd

!sd

The bounds for CKM, y central values:

|"12| < 2

˛

˛

˛

˛

#b #s sin $

y

˛

˛

˛

˛

# |!d| (1 + !!/2) = 0.008 |!d| (1 + !!)

|"12| < 2

˛

˛

˛

˛

#b #s sin $

y

˛

˛

˛

˛

# |!s| (1 + !!/2) + 2

˛

˛

˛

˛

#b

#s
sin $

˛

˛

˛

˛

= 0.008 |!s| (1 + !!/2) + 0.001

Expectation for !! , or how close is !DCS/!CF to tan4 %c = 2.9 # 10!3 ?

time-dependent D $ K& % !(K+&!)/!(K!&+) = (3.3 ± 0.1) # 10!3

time-integrated measurements yield ratio up to O(10 " 20)% corrections from
interference of CF/DCS amplitudes:

!(K+&!&0)/!(K!&+&0) & (2.20 ± 0.10) # 10!3

!(K+&+&!&!)/!(K!&!&+&+) & (3.24+0.25
!0.22) # 10!3

data% canonical SU(3)F breaking, !! & (10 " 30)%

makes sense - no large phase space effects – p. 10
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time-dependent D $ K& % !(K+&!)/!(K!&+) = (3.3 ± 0.1) # 10!3

time-integrated measurements yield ratio up to O(10 " 20)% corrections from
interference of CF/DCS amplitudes:

!(K+&!&0)/!(K!&+&0) & (2.20 ± 0.10) # 10!3

!(K+&+&!&!)/!(K!&!&+&+) & (3.24+0.25
!0.22) # 10!3
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makes sense - no large phase space effects – p. 10
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We observe evidence for D0–D0 mixing by measuring the di!erence in apparent lifetime when a
D0 meson decays to the CP eigenstates K+K! and !+!!, and when it decays to the final state
K!!+. We find yCP = (1.31 ± 0.32(stat.) ± 0.25(syst.))%, 3.2 standard deviations from zero. We
also search for a CP asymmetry between D0 and D0 decays; no evidence for CP violation is found.
These results are based on 540 fb!1 of data recorded by the Belle detector at the KEKB e+e!

collider.

PACS numbers: 13.25.Ft, 11.30.Er, 12.15.Ff

The phenomenon of mixing between a particle and its
anti-particle has been observed in several systems of neu-
tral mesons [1, 2]: neutral kaons, B0

d, and most recently
B0

s mesons. In this paper we present evidence for D0–D0

mixing [3].

The time evolution of a D0or D0 is governed by the
mixing parameters x = (M1 ! M2)/! and y = (!1 !
!2)/2!, where M1,2 and !1,2 are the masses and widths,
respectively, of the mass eigenstates, and ! = (!1+!2)/2.
For no mixing, x = y = 0. Within the Standard Model
(SM) the rate of D-mixing is expected to be small due
to the near degeneracy of the s and d quark masses rel-
ative to the W mass, and the small value of the b quark
couplings. Predictions for x and y are dominated by
non-perturbative processes that are di"cult to calculate
[4, 5]. The largest predictions are |x|, |y| " O(10!2) [5].
Loop diagrams including new, as-yet-unobserved parti-
cles could significantly a#ect the experimental values [6].
CP -violating e#ects in D-mixing would be a clear signal
of new physics, as CP violation (CPV ) is expected to be
very small in the SM [7].

Both semileptonic and hadronic D decays have been
used to constrain x and y [1]. Here we study the decays to
CP eigenstates D0 # K+K! and D0 # !+!!; treating
the decay time distributions as exponential, we measure

the quantity

yCP =
"(K!!+)

"(K+K!)
! 1, (1)

where "(K+K!) and "(K!!+) are the lifetimes of D0 #
K+K! (or !+!!) and D0 # K!!+ decays [8]. It can
be shown that yCP = y cos#! 1

2
AMx sin # [9], where AM

parameterizes CPV in mixing and # is a weak phase. If
CP is conserved, AM = # = 0 and yCP = y. To date
several measurements of yCP have been reported [10]; the
average value is "2 standard deviations ($) above zero.
Our measurement yields a nonzero value of yCP with
> 3$ significance. We also search for CPV by measuring
the quantity

A! =
"(D0 # K!K+) ! "(D0 # K+K!)

"(D0 # K!K+) + "(D0 # K+K!)
; (2)

this observable equals A! = 1
2
AMy cos# ! x sin # [9].

Our results are based on 540 fb!1 of data recorded
by the Belle experiment [11] at the KEKB asymmetric-
energy e+e! collider [12], running at the center-of-mass
(CM) energy of the $(4S) resonance and 60 MeV below.
To avoid bias, details of the analysis procedure were final-
ized without consulting quantities sensitive to yCP and
A!.

![D0(t) ! K+K!] = e!!t|AK+K!|2 [1 " |q/p|(y cos ! " x sin !)!t] ,

![D0(t) ! K+K!] = e!!t|AK+K!|2 [1 " |p/q|(y cos ! + x sin !)!t] . (13)

Ref. [1] uses parameters y"
± and x"2

± that correspond to the following combinations of

parameters:

y"
+ = |q/p|(y" cos ! " x" sin !), x"

+ = |q/p|(x" cos ! + y" sin !),

y"
! = |p/q|(y" cos ! + x" sin !), x"

! = |p/q|(x" cos ! " y" sin !). (14)

In the limit of CP conservation,

y"
+ = y"

! # y"
0 =

!

!+ " !!

2!

"

cos " "
!

m+ " m!

!

"

sin ",

x"
+ = x"

! # x"
0 =

!

!+ " !!

2!

"

sin " +

!

m+ " m!

!

"

cos ", (15)

where sub-indices +(") in !± and m± denote the CP-even (-odd) mass eigenstate.

Ref. [2] uses parameters yCP and A! that correspond to the following combinations of

parameters:2

yCP =
1

2
(|q/p| + |p/q|)y cos ! "

1

2
(|q/p|" |p/q|)x sin!, (16)

A! =
1

2
(|q/p|" |p/q|)y cos ! "

1

2
(|q/p| + |p/q|)x sin!. (17)

In the limit of CP conservation,

yCP =
!+ " !!

2!
,

A! = 0. (18)

III. INTERPRETING THE DATA (MODEL INDEPENDENTLY)

Ref. [2] gives the following results related to the SCS decays:

yCP = (1.31 ± 0.32 ± 0.25) $ 10!2, (19)

A! = (0.01 ± 0.30 ± 0.15) $ 10!2. (20)

Two straightforward statements follow from Eqs. (19) and (20):

2 In the notations of the PDG [11], yCP # Y and A! # "!Y .

5

no direct CP violation.1 The e!ects of indirect CP violation can be parametrized in the

following way [10]:

!!1
K+!!

= rd|p/q|e!i("+#),

!K!!+ = rd|q/p|e!i("!#),

!K+K! = !|q/p|ei#, (9)

where rd is a real and positive dimensionless parameter, " is a strong (CP conserving) phase,

and # is a weak (CP violating) phase. The appearance of a single weak phase common to

all final states is related to the absence of direct CP violation, while the absence of a strong

phase in !K+K! is related to the fact that the final state is a CP eigenstate. CP violation

in mixing is related to

Am "
|q/p|2 ! 1

|q/p|2 + 1
#= 0. (10)

CP violation in the interference of decays with and without mixing is related to sin # #= 0. In

the limit of CP conservation, where the mass eigenstates are also CP eigenstates, choosing

# = 0 is equivalent to defining |D1$ = |D!$ and |D2$ = |D+$, with D!(D+) being the CP-

odd (CP-even) state, that is, the state that does not (does) decay into K+K!. (Alternatively,

# = $ is also a legitimate choice in the CP conserving case; it simply identifies |D1$ = |D+$

and |D2$ = |D!$. The physical observable y cos # remains unchanged under these alternative

conventions.)

For the analysis of the DCS decays, it is convenient to further define

x" " x cos " + y sin ",

y" " y cos " ! x sin ". (11)

In the absence of direct CP violation, the expressions for the DCS decay rates (7) and for

the SCS decay rates (8) simplify:

"[D0(t) % K+$!] = e!!t|AK!!+ |2

&
!

r2
d + rd|q/p|(y" cos # ! x" sin #)"t +

1

4
|q/p|2(y2 + x2)("t)2

"

,

"[D0(t) % K!$+] = e!!t|AK!!+ |2 (12)

&
!

r2
d + rd|p/q|(y" cos # + x" sin #)"t +

1

4
|p/q|2(y2 + x2)("t)2

"

,

1 In some supersymmetric models, SCS decays may exhibit comparable direct and indirect CP violations

[9].

4

The average and the di!erence in mass and width are given by

m !
m1 + m2

2
, " !

"1 + "2

2
,

x !
m2 " m1

"
, y !

"2 " "1

2"
. (4)

The decay amplitudes into a final state f are defined as follows:

Af = #f |H|D0$,

Af = #f |H|D0$. (5)

We define !f :

!f =
q

p

Āf

Af

. (6)

We now write the approximate expressions for the time-dependent DCS and SCS decay

rates that are valid for time t %< 1/". We take into account the experimental information

that x, y and tan "c (where "c is the Cabibbo angle) are small, and expand each of the rates

only to the order that is relevant to the BaBar and Belle measurements:

"[D0(t) & K+#!] = e!!t|AK+!! |2|q/p|2

'
!

|!!1
K+!!

|2 + [Re(!!1
K+!!

)y + Im(!!1
K+!!

)x]"t +
1

4
(y2 + x2)("t)2

"

,

"[D0(t) & K!#+] = e!!t|AK!!+ |2|p/q|2 (7)

'
!

|!K!!+ |2 + [Re(!K!!+)y + Im(!K!!+)x]"t +
1

4
(y2 + x2)("t)2

"

,

"[D0(t) & K+K!] = e!!t|AK+K!|2 {1 + [Re(!K+K!)y " Im(!K+K!)x]"t} ,

"[D0(t) & K+K!] = e!!t|AK+K!|2
#

1 + [Re(!!1
K+K!

)y " Im(!!1
K+K!

)x]"t
$

. (8)

Within the Standard Model, the physics of D0 " D0 mixing and of the tree level decays

is dominated by the first two generations and, consequently, CP violation can be safely

neglected (for reviews of charm physics, see [4, 5]). Indeed, CP violation in these processes

would constitute a signal for new physics [3, 6, 7]. In all ‘reasonable’ extensions of the

Standard Model, both the DCS [8] and the SCS [9] decays are still dominated by the Standard

Model CP conserving contributions. On the other hand, there could be new short distance,

possibly CP violating contributions to the mixing amplitude M12. Allowing for only such

CP violating e!ects of new physics, the picture of CP violation is simplified since there is

3
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We observe evidence for D0–D0 mixing by measuring the di!erence in apparent lifetime when a
D0 meson decays to the CP eigenstates K+K! and !+!!, and when it decays to the final state
K!!+. We find yCP = (1.31 ± 0.32(stat.) ± 0.25(syst.))%, 3.2 standard deviations from zero. We
also search for a CP asymmetry between D0 and D0 decays; no evidence for CP violation is found.
These results are based on 540 fb!1 of data recorded by the Belle detector at the KEKB e+e!

collider.

PACS numbers: 13.25.Ft, 11.30.Er, 12.15.Ff

The phenomenon of mixing between a particle and its
anti-particle has been observed in several systems of neu-
tral mesons [1, 2]: neutral kaons, B0

d, and most recently
B0

s mesons. In this paper we present evidence for D0–D0

mixing [3].

The time evolution of a D0or D0 is governed by the
mixing parameters x = (M1 ! M2)/! and y = (!1 !
!2)/2!, where M1,2 and !1,2 are the masses and widths,
respectively, of the mass eigenstates, and ! = (!1+!2)/2.
For no mixing, x = y = 0. Within the Standard Model
(SM) the rate of D-mixing is expected to be small due
to the near degeneracy of the s and d quark masses rel-
ative to the W mass, and the small value of the b quark
couplings. Predictions for x and y are dominated by
non-perturbative processes that are di"cult to calculate
[4, 5]. The largest predictions are |x|, |y| " O(10!2) [5].
Loop diagrams including new, as-yet-unobserved parti-
cles could significantly a#ect the experimental values [6].
CP -violating e#ects in D-mixing would be a clear signal
of new physics, as CP violation (CPV ) is expected to be
very small in the SM [7].

Both semileptonic and hadronic D decays have been
used to constrain x and y [1]. Here we study the decays to
CP eigenstates D0 # K+K! and D0 # !+!!; treating
the decay time distributions as exponential, we measure

the quantity

yCP =
"(K!!+)

"(K+K!)
! 1, (1)

where "(K+K!) and "(K!!+) are the lifetimes of D0 #
K+K! (or !+!!) and D0 # K!!+ decays [8]. It can
be shown that yCP = y cos#! 1

2
AMx sin # [9], where AM

parameterizes CPV in mixing and # is a weak phase. If
CP is conserved, AM = # = 0 and yCP = y. To date
several measurements of yCP have been reported [10]; the
average value is "2 standard deviations ($) above zero.
Our measurement yields a nonzero value of yCP with
> 3$ significance. We also search for CPV by measuring
the quantity

A! =
"(D0 # K!K+) ! "(D0 # K+K!)

"(D0 # K!K+) + "(D0 # K+K!)
; (2)

this observable equals A! = 1
2
AMy cos# ! x sin # [9].

Our results are based on 540 fb!1 of data recorded
by the Belle experiment [11] at the KEKB asymmetric-
energy e+e! collider [12], running at the center-of-mass
(CM) energy of the $(4S) resonance and 60 MeV below.
To avoid bias, details of the analysis procedure were final-
ized without consulting quantities sensitive to yCP and
A!.

![D0(t) ! K+K!] = e!!t|AK+K!|2 [1 " |q/p|(y cos ! " x sin !)!t] ,

![D0(t) ! K+K!] = e!!t|AK+K!|2 [1 " |p/q|(y cos ! + x sin !)!t] . (13)

Ref. [1] uses parameters y"
± and x"2

± that correspond to the following combinations of

parameters:

y"
+ = |q/p|(y" cos ! " x" sin !), x"

+ = |q/p|(x" cos ! + y" sin !),

y"
! = |p/q|(y" cos ! + x" sin !), x"

! = |p/q|(x" cos ! " y" sin !). (14)

In the limit of CP conservation,

y"
+ = y"

! # y"
0 =

!

!+ " !!

2!

"

cos " "
!

m+ " m!

!

"

sin ",

x"
+ = x"

! # x"
0 =

!

!+ " !!

2!

"

sin " +

!

m+ " m!

!

"

cos ", (15)

where sub-indices +(") in !± and m± denote the CP-even (-odd) mass eigenstate.

Ref. [2] uses parameters yCP and A! that correspond to the following combinations of

parameters:2

yCP =
1

2
(|q/p| + |p/q|)y cos ! "

1

2
(|q/p|" |p/q|)x sin!, (16)

A! =
1

2
(|q/p|" |p/q|)y cos ! "

1

2
(|q/p| + |p/q|)x sin!. (17)

In the limit of CP conservation,

yCP =
!+ " !!

2!
,

A! = 0. (18)

III. INTERPRETING THE DATA (MODEL INDEPENDENTLY)

Ref. [2] gives the following results related to the SCS decays:

yCP = (1.31 ± 0.32 ± 0.25) $ 10!2, (19)

A! = (0.01 ± 0.30 ± 0.15) $ 10!2. (20)

Two straightforward statements follow from Eqs. (19) and (20):

2 In the notations of the PDG [11], yCP # Y and A! # "!Y .
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no direct CP violation.1 The e!ects of indirect CP violation can be parametrized in the

following way [10]:

!!1
K+!!

= rd|p/q|e!i("+#),

!K!!+ = rd|q/p|e!i("!#),

!K+K! = !|q/p|ei#, (9)

where rd is a real and positive dimensionless parameter, " is a strong (CP conserving) phase,

and # is a weak (CP violating) phase. The appearance of a single weak phase common to

all final states is related to the absence of direct CP violation, while the absence of a strong

phase in !K+K! is related to the fact that the final state is a CP eigenstate. CP violation

in mixing is related to

Am "
|q/p|2 ! 1

|q/p|2 + 1
#= 0. (10)

CP violation in the interference of decays with and without mixing is related to sin # #= 0. In

the limit of CP conservation, where the mass eigenstates are also CP eigenstates, choosing

# = 0 is equivalent to defining |D1$ = |D!$ and |D2$ = |D+$, with D!(D+) being the CP-

odd (CP-even) state, that is, the state that does not (does) decay into K+K!. (Alternatively,

# = $ is also a legitimate choice in the CP conserving case; it simply identifies |D1$ = |D+$

and |D2$ = |D!$. The physical observable y cos # remains unchanged under these alternative

conventions.)

For the analysis of the DCS decays, it is convenient to further define

x" " x cos " + y sin ",

y" " y cos " ! x sin ". (11)

In the absence of direct CP violation, the expressions for the DCS decay rates (7) and for

the SCS decay rates (8) simplify:

"[D0(t) % K+$!] = e!!t|AK!!+ |2

&
!

r2
d + rd|q/p|(y" cos # ! x" sin #)"t +

1

4
|q/p|2(y2 + x2)("t)2

"

,

"[D0(t) % K!$+] = e!!t|AK!!+ |2 (12)

&
!

r2
d + rd|p/q|(y" cos # + x" sin #)"t +

1

4
|p/q|2(y2 + x2)("t)2

"

,

1 In some supersymmetric models, SCS decays may exhibit comparable direct and indirect CP violations

[9].
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The average and the di!erence in mass and width are given by

m !
m1 + m2

2
, " !

"1 + "2

2
,

x !
m2 " m1

"
, y !

"2 " "1

2"
. (4)

The decay amplitudes into a final state f are defined as follows:

Af = #f |H|D0$,

Af = #f |H|D0$. (5)

We define !f :

!f =
q

p

Āf

Af

. (6)
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2. CP violation is small.
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♦ System parameters roughly determined (HFAG):
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 ∆F = 2 ,
�
(t̄, b̄)LXQ(u, d)L

�2
Flavor fQ fU fD

1 Aλ3fQ3 ∼ 3× 10−3 mu
mt

fU3
Aλ3 ∼ 1× 10−3 md

mb

fD3
Aλ3 ∼ 2× 10−3

2 Aλ2fQ3 ∼ 1× 10−2 mc
mt

fU3
Aλ2 ∼ 0.1 ms

mb

fD3
Aλ2 ∼ 1× 10−2

3 mt
vy5DfU3

∼ 0.3
√

2 mb
mt

fU3 ∼ 2× 10−2

Table 6: Values of the fxi parameters (Eq. (139)) which reproduce the observed quark masses and
CKM mixing angles starting from anarchical 5D Yukawa couplings. We fix fU3 =

√
2 and y5D = 2

(see text).

Observable Mmin
G

[TeV] ymin
5D or fmax

Q3

IR Higgs β = 0 IR Higgs β = 0
CPV-BLLLL

d
12f 2

Q3
12f 2

Q3
fmax

Q3
= 0.5 fmax

Q3
= 0.5

CPV-BLLRR

d
4.2/y5D 2.4/y5D ymin

5D = 1.4 ymin
5D = 0.82

CPV-DLLLL 0.73f 2
Q3

0.73f 2
Q3

no bound no bound
CPV-DLLRR 4.9/y5D 2.4/y5D ymin

5D = 1.6 ymin
5D = 0.8

�LLLL

K
7.9f 2

Q3
7.9f 2

Q3
fmax

Q3
= 0.62 fmax

Q3
= 0.62

�LLRR

K
49/y5D 24/y5D above (142) ymin

5D = 8

Table 7: Most significant flavor constraints in the RS framework (taken from [78]). The values
of ymin

5D and fmax
Q3

correspond to MKK = 3 TeV. The bounds are obtained assuming maximal
CPV phases and gs∗ = 3. Entries marked ‘above (142)’ imply that for MKK = 3 TeV, y5D is
outside the perturbative range.

the number of KK levels, NKK, by the requirement that Yukawa interactions are perturbative
below the cutoff of the theory, Λ5D. In addition, it is bounded from below in order to account
for the large top mass. Hence the following range for y5D is obtained (see e.g. [104, 177]):

1

2
� y5D � 2π

NKK
for brane Higgs ;

1

2
� y5D � 4π√

NKK

for bulk Higgs , (142)

where we use the rescaling y5D → y5D

√
1 + β, which produces the correct β → ∞ limit [178]

and avoids subtleties in the β = 0 case.
With anarchical 5D Yukawa matrices, an RS residual little CP problem remains [104]: Too

large contributions to the neutron EDM [66, 67] and sizable chirally enhanced contributions
to �K [7, 65, 175, 179, 180] are predicted. The RS leading contribution to �K is generated by
a tree level KK gluon exchange, which leads to an effective coupling for the chirality-flipping
operator in Eq. (138) of the type [65, 173, 175, 179, 180]

CK

4 �
g2

s∗
M2

KK

fQ2fQ1fd2fd1r
g

00(cQ2)r
g

00(cd2) ∼
g2

s∗
M2

KK

2mdms

(vy5D)2

rg

00(cQ2)r
g

00(cd2)

rH

00(β, cQ1 , cd1)r
H

00(β, cQ2 , cd2)
. (143)

The final expression is independent of the fxi , so the bound in Table 1 can be translated into
constraints in the y5D − MKK plane. The analogous effects in the D and B systems yield
numerically weaker bounds. Another class of contributions, which involves only LH quarks, is
also important to constrain the fQ −MKK parameter space.

In Table 7 we summarize the resulting constraints. For the purpose of a quantitative
analysis we set gs∗ = 3, as obtained by matching to the 4D coupling at one-loop [177] (for
the impact of a smaller RS volume see [181]). The constraints related to CPV correspond to
maximal phases, and are subject to the requirement that the RS contributions are smaller than
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Operator Bounds on Λ in TeV (cij = 1) Bounds on cij (Λ = 1 TeV) Observables

Re Im Re Im

(s̄LγµdL)2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9 ∆mK ; �K

(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11 ∆mK ; �K

(c̄LγµuL)2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7 ∆mD; |q/p|, φD

(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8 ∆mD; |q/p|, φD

(b̄LγµdL)2 5.1× 102 9.3× 102 3.3× 10−6 1.0× 10−6 ∆mBd ; SψKS

(b̄R dL)(b̄LdR) 1.9× 103 3.6× 103 5.6× 10−7 1.7× 10−7 ∆mBd ; SψKS

(b̄LγµsL)2 1.1× 102 7.6× 10−5 ∆mBs

(b̄R sL)(b̄LsR) 3.7× 102 1.3× 10−5 ∆mBs

(t̄LγµuL)2 12 7.1 10−3 uu→ tt

TABLE II: Bounds on representative dimension-six ∆F = 2 operators. Bounds on Λ are quoted assuming

an effective coupling 1/Λ2, or, alternatively, the bounds on the respective cij ’s assuming Λ = 1 TeV.

Observables related to CPV are separated from the CP conserving ones with semicolons. In the Bs system

we only quote a bound on the modulo of the NP amplitude derived from ∆mBs (see text). For the definition

of the CPV observables in the D system see Ref. [15].

single angle and a single phase. To understand various aspects of our analysis, it is useful, however,

to provisionally set the phase to zero, and study only CP conserving (CPC) observables. We thus

have

λQ = diag(λ1, λ2), V =



 cos θc sin θc

− sin θc cos θc



 , Vd =



 cos θd sin θd

− sin θd cos θd



 . (3.8)

It is convenient to define

λ12 =
1

2
(λ1 + λ2), δ12 =

λ1 − λ2

λ1 + λ2
, Λ12 = δ12λ12. (3.9)

Thus λ12 parametrizes the overall, flavor-diagonal suppression of XQ (in particular, loop factors),

δ12 parametrizes suppression that is coming from approximate degeneracy between the eigenvalues

of XQ, and θd and θc−θd parametrize the suppression that comes from alignment with, respectively,

the down and the up sector.

The main point is the following: Alignment can entirely suppress the contribution to either K0–

K0 mixing (θd = 0) or D0–D0 mixing (θd = θc) but not to both. Thus, the flavor measurements

give a constraint on Λ12 which reads [16]

Λ12 ≤ 3.8× 10
−3

�
ΛNP

1 TeV

�
. (3.10)

10

7.1× 10−3

♦ Projected LHC bound, same sign tops.
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Dø reports 3.2σ in dimuon asymmetry;
CDF improves ∆Γs vs.Sψφ ??

♦ Origin of phase? ∆ΓNP
s ⇔ overcome SM tree level

and not violate other CPV, ex.: b→ sτ+τ−.
Dighe, Kundu & Nandi [0705.4547, 1005.4051]
Bauer & Dunn [1006.1629]
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FIG. 2: The allowed ranges of hs, σs (left) and hd, σd (right) from the combined fit to all four NP parameters.

the SM limit, hb = 0, is obtained at less than 3σ CL, the

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-

tribute mainly to ∆F = 2 processes via the mixing am-

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

Π�4

Π�2

3Π�4

Π

hb

Σ
b

0.6827
0.9545
0.9973

CL

FIG. 3: The allowed hb, σb range assuming SU(2) universality.

plitude. As is well known, these processes are highly

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [18]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [19] where new diagonal CP

violating phases are present [20, 21]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄α

Lγµqα
L b̄

β
Lγµq

β
L, O

bq
2 = b̄α

Rqα
L b̄

β
Rq

β
L,

O
bq
3 = b̄α

Rq
β
L b̄

β
Rqα

L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the suppression from the bottom Yukawa, yb, is

not taken into account in ΛMFV;1, since CP violation in

this case requires resummation of large effective bottom

Yukawa coupling [21, 23]. In general the presence of fla-

vor diagonal phases could contribute to the neutron elec-

tric dipole moment [24]. However, this effect arises from

a different class of operators and requires a separate in-

vestigation. Another interesting aspect of these flavor di-

agonal phases is that there are examples where these can

contribute to the generation of matter-antimatter asym-

metry, another issue which deserves further investigation.

3

Allowed regions in the Bs & Bd systems.
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Robust bounds for ∆t = 1

♦ 3-gen’ case the structure is much richer (8 Gell-Mann 

matrices), a “covariant” treatment is necessary.

Simplification: @ LHC light quark jets look the same.

Gedalia, Mannelli & GP,  PLB; PRD (10).

(B0
d − B̄0

d) (uu→ tt)
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MFV, effective operators 

We find that the data requires

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}TeV . (9)

If the central value of the measurement in Eq. (??) is con-
firmed, this inequality would become an equality. Note
that the suppression from the bottom Yukawa, yb, is
not taken into account in ΛMFV;1, since CP violation in
this case requires resummation of large effective bottom
Yukawa coupling [? ? ]. In general the presence of flavor
diagonal phases could contribute to the neutron electric
dipole moment [? ]. However, this effect arises from a
different class of operators and requires a separate inves-
tigation. Another interesting aspect of these flavor diag-
onal phases is that there are examples where these can
contribute to the generation of matter-antimatter asym-
metry, another issue which deserves further investigation.

(iii) While case (ii) is not excluded by the data, as
shown in Fig. ??, most of the allowed parameter space
prefers hs > hd. This raises the following question: What
kind of new physics can generate a large breaking of the
approximate SU(2)q symmetry without being excluded by
CP violation in the K or D systems? Remarkably, even
this case can be accounted for within the general MFV
(GMFV) framework [? ]. Consider models where oper-
ators of O4-type are the dominant one, which may be
possible due to the fact that their contributions are RGE
enhanced. An example of such an operator is

O
NL
4 =

c

Λ2
MFV;4

�
Q̄3(Am

d A
n
uYd)3idi

��
d̄3(Y †

d A
l,†
d A

p,†
u )3iQi

�
.

(10)
Here Au,d ≡ Yu,dY

†
u,d and n, m, l, p are integer powers and

c is an order one complex number.1 We focus on the non-
linear MFV regime, where resummation over the third
generation eigenvalues is required (both for the up and
down Yukawas), because of the presence of large loga-
rithms or large anomalous dimensions. Consequently, the
contributions of higher powers of the Yukawa couplings
are equally important. The above set of of operator can
carry a new CPV phase and may contribute dominantly
to b→ s transition and not to b→ d transition, because
of the chiral suppression induced by Yd. We find that the
data requires

ΛMFV;4
>∼ 13.2 yb

�
ms/mb TeV = 2.9 yb TeV . (11)

Thus, remarkably, hs � hd can arise in MFV models
with flavor diagonal CP violating phase, where large chi-
rality flipping sources exist at the TeV scale. Such models
have not been studied in great detail, but possible inter-
esting examples are supersymmetric extension of the SM

1 We adopt here for simplicity a linear formulation where the re-
summation over the third generation is not manifest; see [? ? ]
for a more rigorous treatment.

at large tan β [? ] or warped extra dimension models
with MFV structure in the bulk [? ]. We finally note
that the operator ONL

4 predicts contributions to the Bd

system suppressed by md/ms ∼ 5%, which may be ac-
cessible in the near future and provide a direct test for
the above scenario.

(iv) The fact that the data can be accounted for within
the MFV framework makes it clear that it can be accom-
modated in models with even more general flavor struc-
ture. However, the operators O2,3,4 require large chirality
violating sources in addition to the CP violating phases,
which are generically strongly constrained by observables
such as the neutron electric dipole moments and b→ sγ.
The O1 operator, however, does not directly contribute
to left-right transitions. If the new physics is invariant
under SU(2) weak interaction, it may induce top flavor
violation which may be observed at the LHC both in
∆t = 1 and ∆t = 2 processes [? ? ], and it is also
constrained by CP violation in D − D̄ mixing [? ].
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We find that the data requires

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}TeV . (9)

If the central value of the measurement in Eq. (??) is con-
firmed, this inequality would become an equality. Note
that the suppression from the bottom Yukawa, yb, is
not taken into account in ΛMFV;1, since CP violation in
this case requires resummation of large effective bottom
Yukawa coupling [? ? ]. In general the presence of flavor
diagonal phases could contribute to the neutron electric
dipole moment [? ]. However, this effect arises from a
different class of operators and requires a separate inves-
tigation. Another interesting aspect of these flavor diag-
onal phases is that there are examples where these can
contribute to the generation of matter-antimatter asym-
metry, another issue which deserves further investigation.

(iii) While case (ii) is not excluded by the data, as
shown in Fig. ??, most of the allowed parameter space
prefers hs > hd. This raises the following question: What
kind of new physics can generate a large breaking of the
approximate SU(2)q symmetry without being excluded by
CP violation in the K or D systems? Remarkably, even
this case can be accounted for within the general MFV
(GMFV) framework [? ]. Consider models where oper-
ators of O4-type are the dominant one, which may be
possible due to the fact that their contributions are RGE
enhanced. An example of such an operator is

O
NL
4 =

c

Λ2
MFV;4

�
Q̄3(Am

d A
n
uYd)3idi

��
d̄3(Y †

d A
l,†
d A

p,†
u )3iQi

�
.

(10)
Here Au,d ≡ Yu,dY

†
u,d and n, m, l, p are integer powers and

c is an order one complex number.1 We focus on the non-
linear MFV regime, where resummation over the third
generation eigenvalues is required (both for the up and
down Yukawas), because of the presence of large loga-
rithms or large anomalous dimensions. Consequently, the
contributions of higher powers of the Yukawa couplings
are equally important. The above set of of operator can
carry a new CPV phase and may contribute dominantly
to b→ s transition and not to b→ d transition, because
of the chiral suppression induced by Yd. We find that the
data requires

ΛMFV;4
>∼ 13.2 yb

�
ms/mb TeV = 2.9 yb TeV . (11)

Thus, remarkably, hs � hd can arise in MFV models
with flavor diagonal CP violating phase, where large chi-
rality flipping sources exist at the TeV scale. Such models
have not been studied in great detail, but possible inter-
esting examples are supersymmetric extension of the SM

1 We adopt here for simplicity a linear formulation where the re-
summation over the third generation is not manifest; see [? ? ]
for a more rigorous treatment.

at large tan β [? ] or warped extra dimension models
with MFV structure in the bulk [? ]. We finally note
that the operator ONL

4 predicts contributions to the Bd

system suppressed by md/ms ∼ 5%, which may be ac-
cessible in the near future and provide a direct test for
the above scenario.

(iv) The fact that the data can be accounted for within
the MFV framework makes it clear that it can be accom-
modated in models with even more general flavor struc-
ture. However, the operators O2,3,4 require large chirality
violating sources in addition to the CP violating phases,
which are generically strongly constrained by observables
such as the neutron electric dipole moments and b→ sγ.
The O1 operator, however, does not directly contribute
to left-right transitions. If the new physics is invariant
under SU(2) weak interaction, it may induce top flavor
violation which may be observed at the LHC both in
∆t = 1 and ∆t = 2 processes [? ? ], and it is also
constrained by CP violation in D − D̄ mixing [? ].
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♦ Universal solution: 

FIG. 2: The allowed ranges of hs, σs (left) and hd, σd (right) from the combined fit to all four NP parameters.

the SM limit, hb = 0, is obtained at less than 3σ CL, the

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-

tribute mainly to ∆F = 2 processes via the mixing am-
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FIG. 3: The allowed hb, σb range assuming SU(2) universality.

plitude. As is well known, these processes are highly

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [18]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [19] where new diagonal CP

violating phases are present [20, 21]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
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L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the suppression from the bottom Yukawa, yb, is

not taken into account in ΛMFV;1, since CP violation in

this case requires resummation of large effective bottom

Yukawa coupling [21, 23]. In general the presence of fla-

vor diagonal phases could contribute to the neutron elec-

tric dipole moment [24]. However, this effect arises from

a different class of operators and requires a separate in-

vestigation. Another interesting aspect of these flavor di-

agonal phases is that there are examples where these can

contribute to the generation of matter-antimatter asym-

metry, another issue which deserves further investigation.
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Ligeti, Papucci, GP, Zupan.

(hs ∼ hd)

♦ Non-univ. solution: (hs � hd)
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Scalar exchange 
Buras, et al. (10); Dobrescu, et al. (10); Jung, et al. (10); Nir et al. (10).

♦ Universal solution can easily be generated via O2

♦ Non-univ. solution only if O4 � O2

♦ 2HDM a natural arena to generate flavor & CPV within MFV. 
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Vector exchange (KK gluon)

Rattazzi & Zaffaroni, JHEP (01); Delaunay, Gedalia, Lee, GP & Ponton, PRD (10).

♦ New type of GMFV models with large LL and/or RR currents.

♦ Low KK scale + improve naturalness as a bonos =>

exciting LHC phenomenology => linkage between high & 
low pT data! 

♦ Radical solution to little RS CP problem via bulk realization

of Rattazzi & Zaffaroni’s flavor model (flavor triviality). 
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KK,!!| < 0.2% for models with negligible new weak phases in decay, e.g., SM
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Results for !exp
12

Without imposing adir(KK, !!) constraint, obtain

"12 = 0.03 ± 0.11 [rad]

for no new weak phases in CF/DCS decays,

"12 = 0.07 ± 0.14 [rad]

allowing for new weak phases in CF/DCS decays.

Imposing adir(KK, !!) < 0.002, corresponding to models with no new weak phases
in SCS decays, and for no new weak phases in CF/DCS decays, obtain

"12 = 0.03 ± 0.09 [rad]

This applies to a wide class of models which do not have new weak phases in SCS,
CF, and DCS decays

used parabolic errors. robust treatment with non-parabolic errors to be carried out by
HFAG, taking into account the model-independent relations and time-integrated CPV
data
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How much
can the bound

be further 
pushed?
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