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Outline

¥ Sources & puzzles of CPV in SM 

¥ CPV in quark sector - CKM - some key observables: 

¥ B-sector: !, " (& # ) 

¥ Bs-sector: $s 

¥ K-sector: %, %Õ 

¥ D-sector: &aCP, CPV in D mixing 

¥ CPV in lepton sector: 'CP + ßavor diagonal CPV (EDMs) 

¥ CPV in Higgs & top sectors?
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} also semileptonic aCP

(not covered here)



CP as almost accidental symmetry of SM?

Sources of CPV in SM 

Topological Gauge sector ~ ( - arg(detM) 

¥ SU(2) screened by vacuum (can be related to B+L anomaly) 

¥ SU(3) controlled by presence of small up-quark yukawa 

Expected effects orders of magnitude above exp.  

Yukawa interactions ~ Im(det([Mu
2,Md

2])) 

¥ Suppressed by small intergenerational mixing in the quark sector 

Well measured, too small to be relevant of Baryogenesis.  

¥ Absent from lepton sector for massless neutrinos 

Scalar potential - CP conserving for a single doublet H
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CP as almost accidental symmetry of SM?

The suppression of CPV in SM not automatic in its extensions      
!  can lead to severe bounds 
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Fig. 1. Result of the SM CKM Þt projected onto the ø ! ! ø" plane, as obtained by the UTFit
(left) 1 and CKMÞtter (right) 2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic
initial and Þnal states, a Þnal step needs to involve non-perturbative matching to an
e! ective description involving QCD bound statesL e!

weak ! L e! (! , N, K, D, B, . . . ) ,
i.e. the computation of hadronic "Qi # matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the Þeld into the era of precision ßavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark ßavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM ßavor symmetry breaking, i.e. ßavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with massesmNP ! v and described by a LagrangianL BSM . At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < m NP ), any
such e! ects can be described in complete generality in terms of local operators (Qi )
involving only SM Þelds6 via the matching procedurea

L BSM ! L ! SM +
!

i, (d> 4)

Q(d)
i

" d! 4 , (4)

where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe# cients corresponding to
Qi present in L e!

weak already within the SM; (b) the appearance of new e! ective local
operators. In both cases, the resulting e! ects on the measured ßavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale. 7

zij ! exp(i ! NP )

Q(6)
AB ! zij [øqi ! A qj ] " [øqi ! B qj ]

¥ probes scales well beyond 
direct collider reach

UTFit, 0707.0636 
Isidori, Nir & Perez, 1002.0900 

Lenz et al., 1203.0238 
ETMC, 1207.1287
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Q(6)
AB ! zij [øqi ! A qj ] " [øqi ! B qj ]

zij ! exp(i ! NP )

UTFit, 0707.0636 
Isidori, Nir & Perez, 1002.0900 

Lenz et al., 1203.0238 
ETMC, 1207.1287

¥ probes scales well beyond 
direct collider reach 

¥ tests hierarchy & alignment 
of BSM ßavor structures
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Given the multitude of complementary experimental results over-constraining
the SM quark ßavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM ßavor symmetry breaking, i.e. ßavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with massesmNP ! v and described by a LagrangianL BSM . At scales µ below
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new contributions can lead to (a) shifts in the Wilson coe# cients corresponding to
Qi present in L e!
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Q(6)
AB ! zij [øqi ! A qj ] " [øqi ! B qj ]

zij ! exp(i ! NP )

Crucial input from Lattice QCD & 

measurements of SM flavor parameters!

UTFit, 0707.0636 
Isidori, Nir & Perez, 1002.0900 

Lenz et al., 1203.0238 
ETMC, 1207.1287

¥ probes scales well beyond 
direct collider reach 

¥ tests hierarchy & alignment 
of BSM ßavor structures

(not covered here)



CPV in the quark sector - overview

CKM unitarity - CPV as triangle area - interplay of K & B sectors 
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3.1 Parametrisation of the CKM matrix

We start by Þxing the permutation of quark generations via mass ordering. The resulting CKM matrix
has the form

VCKM =

!

"
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

#

$ . (16)

Experimentally,VCKM exhbits a strong hierarchical pattern in off-diagonal elements [6]

|Vud| ! |Vcs| ! |Vtb| ! 1 , |Vus| ! |Vcd| ! 0.22,

|Vcb| ! |Vts | ! 4 " 10! 2 , |Vub| ! |Vtd | ! 5 " 10! 3 . (17)

Such structure can be made explicit in theWolfenstein expansion[7] in ! # |Vus| ! 0.22

VCKM =

!

%
"

1 $ ! 2

2 ! A! 3(" $ i#)
$ ! 1 $ ! 2

2 A! 2

A! 3(1 $ " $ i#) $ A! 2 1

#

&
$ + O(! 4) . (18)

The four parameters in this parametrisation! , A, " and# can be mapped exactly to the four physical
CKM parameters at any order in the! expansion. All are of the orderO(0.1 $ 1) and the CP violating
phase is encoded in the imaginary contribution proportional to#. Current experimental precision already
requires that in phenomenological applications, expansion at least to orderO(! 4) should be taken into
account.

3.2 Unitarity of the CKM

Being a unitary matrix, one can derive unitarity conditions on the rows and columns of the CKM matrix,
in particular

'

k

V "
ik Vjk = $ij ,

'

k

V "
ki Vkj = $ij . (19)

Phenomenologically, the most interesting condition applies fori = 1 andj = 3

VudV "
ub + VcdV "

cb + VtdV "
tb = 0 , (20)

simply because all the three terms on the left hand side are of the same order in! . The equation deÞnes
a triangle in the complex plane. Normalizing one of the sides to unity

VudV "
ub

VcdV "
cb

+
VtdV "

tb

VcdV "
cb

+ 1 = 0 , (21)

one can re-express it in terms of the Wolfenstein parameters (up toO(! 5))

[ø" + i ø#] + [(1 $ ø" ) $ i ø#] + 1 = 0 , (22)

whereø" = " (1 $ ! 2/ 2) + O(! 4) and ø# = #(1 $ ! 2/ 2) + O(! 4) . The angles (denoted by%, & and
' in Fig. 1) and sides of this triangle are invariant under phase transformations of quark Þelds and are
observable quantities.
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cb
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one can re-express it in terms of the Wolfenstein parameters (up toO(! 5))
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whereø" = " (1 $ ! 2/ 2) + O(! 4) and ø# = #(1 $ ! 2/ 2) + O(! 4) . The angles (denoted by%, & and
' in Fig. 1) and sides of this triangle are invariant under phase transformations of quark Þelds and are
observable quantities.
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both! and
! s will be ! 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the Þrst one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the RÞt model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The Þts include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM Þt [10], there are tensions for
ASL [23]. The large values ofhs allowed until recently,
corresponding to (M s

12)NP ! " 2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the Þts shown in this Section,
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The time evolution of the neutral meson system can Þnally be parametrized in terms of states
|B 0(t)! corresponding to|B 0! at initial timet = 0 , and| øB 0(t)! corresponding to| øB 0! at t = 0

|B 0(t)! = g+ (t)|B 0! "
q
p

g! (t)| øB 0! ,

| øB 0(t)! = g+ (t)| øB 0! "
q
p

g! (t)|B 0! , (31)

where
g± #

1
2

!
e! mH t! ! H t/ 2 ± e! mL t ! ! L t/ 2

"
. (32)

The decay of the two mass eigenstates to some some Þnal statef after time t is described by the decay
amplitudes

$f |H| B 0! # Af ,

$øf |H| B 0! # A øf . (33)

The time-dependent decay rates are then given by

d! (|B 0(0)! ) % |f (t)!
dt

= N0e! ! t |Af |2&
#

1 + |! f |2

2
cosh

"! t
2

+
1 " |! f |2

2
cos" m t

+Re! f sinh
"! t

2
" Im! f sin" m t

$
,

d! (| øB 0(0)! ) % |f (t)!
dt

= N0e! ! t | øAf |2&
#

1 + |ø! f |2

2
cosh

"! t
2

+
1 " |ø! f |2

2
cos" m t

+Reø! f sinh
"! t

2
" Imø! f sin" m t

$
, (34)

whereN0 is the overall ßux normalization,

! f #
q
p

øAf

Af
, ø! f #

p
q

Af
øAf

=
1

! f
, (35)

and analogously for decays toøf . The various terms in the above tiem-evolution can be understood as
follwing

Ð Terms proportional to|Af |2, | øAf |2 describe a decay without net oscillation.
Ð Terms proportional to|! f |2, |ø! f |2 describe a decays following net oscillations.
Ð Terms proportional tosin" mt , sinh"! t/ 2 describe interference between the above two cases.
Ð CP violation in interference is possible only ifIm( ! f ) '= 0 .

Such effects can be observed in neutralB meson decays to CP eigenstates via a time-dependent CP
asymmetry

Af CP (t) #
d!
dt

%øB 0(0) % f CP (t)
&

" d!
dt

%
B 0(0) % f CP (t)

&

d!
dt

%øB 0(0) % f CP (t)
&

+ d!
dt [B 0(0) % f CP (t)]

. (36)

In the B (and alsoBs) system experimentally"! ( " m and so|q/p| ) 1 . In this limit, the full
expression forAf greatly simpliÞes and can be written as

Af (t) = Sf sin(" m t ) " Cf cos(" m t ) , (37)

where

Sf #
2 Im(! f )
1 + |! f |2

, Cf #
1 " |! f |2

1 + |! f |2
. (38)
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wheref
1,2,... denote theB0 and øB0 decay products. If we are only interested ina(t) andb(t), we can

construct an effective description of the time evolution in terms of a non-hermition Hamiltonian

H = M + i
!
2
, (28)

whereM and! are time-independent, Hermitian2 " 2 matrices, describing possible oscillations and
decays, respectively. The dispersive partM recieves contributions from off-shell intermediate states,
while ! is the absorptive part and given by a sum over possible on-shell intermediate states. The time-
evolution is then described by

i
d

dt

!
a(t)
b(t)

"
= H

!
a(t)
b(t)

"
, (29)

with the eigenvectors|BL,H # = pL,H |B0#± qL,H | øB0#, and where|pL,H |2 + |qL,H |2 = 1 . Imposing
CPT, one obtainsM

11

= M
22

, !
11

= !
22

, and consequentlypL = pH $ p andqL = qH $ q . If CP is
conserved one furthermore obtains thatArg(M

12

) = Arg( !
12

) and thus|q/p| = 1 .

Conventionally, on deÞnes the following CP conserving oscillation parameters

m $
ML + MH

2
, ! $

! L + ! H

2
,

" m $ MH ! ML , "! $ ! H ! ! L , (30)

or equivalentlyx $ " m/! andy $ "! /2! .
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q/p != 1

|BL,Hi = p|B0i± q| øB0i
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ßavour eigenstates onto the mass eigenstateK S due toK ! øK oscillations (analogous to Eq. (43)).
Combining Eqs. (43) and (44) we thus obtain

! (B )
! K S

"
V !

tbVtd

VtbV !
td

VcbV !
cd

V !
cbVcd

= ! e" 2i " . (45)

The observableS(B )
! K S

" sin 2" (note thatC(B )
! K S

" 0) demonstratesCP violation in interference between
the mixing and decayamplitudes. Experimentally, it has been measured to an accuracy of# 1% at the
B factories [6].

4.3 CP violation in B s mixing

Establishing CP violation in theBs system is considerably more challenging. The golden channel is
the decayBs $ #$ . Since it is an admixture of different CP eigenestates (represented by the different
polarizations of the two vector mesons in the Þnal state), an angular analysis is required for the extraction
of the CP violating phase. In addition,Bs oscillations are much faster than those ofBd, namely

! ms

! md
#

|M s
12

|M d
12|

%

!
!
!
!
Vts

Vtd

!
!
!
!

2

# 30. (46)

Finally, !" s effects in the time evolution cannot be neglected compared to! ms. In the SM! (B s )
!# =

! exp[i (%B s ! 2$!# )] evaluates to [10]

"
S(B s )

!#

#

SM
= 2Arg

V !
tbVts

V !
cbVcs

= 0 .036(1), (47)

which is still small compared to the currently attainable experimental precision ofS(B s )
!# = ! 0.02(4) [11].

4.4 CP violation in B decays to CP conjugate states

This form of measurements is interesting ifB 0 $ øf and øB 0 $ f transitions are forbidden. In this case
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where in the last step we have again used the fact the|" 12| & |M 12| in the B system. Note that the
above asymmetry is accessible with a time-independent measurement. It also representsCP violation in
mixing, simetimes termedindirect CP violation. An illustrative example is the wrong sign semileptonic
decay asymmetry
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with the SM expectation ofa(d)
SL = ! 8(2) ' 10" 4 [10] .

4.5 CP violation in chargedB decays

The possibility of CP violation in chargedB decays is of special interest in the case ofB ± $ DK ± ,
sinceD ! øD oscillations allow for interference of two tree-level dominated decay amplitudes, in partic-
ular

B " $ D 0K " : b $ cøus ,
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ßavour eigenstates onto the mass eigenstateK S due toK ! øK oscillations (analogous to Eq. (43)).
Combining Eqs. (43) and (44) we thus obtain
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The observableS(B )
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" sin 2" (note thatC(B )
! K S

" 0) demonstratesCP violation in interference between
the mixing and decayamplitudes. Experimentally, it has been measured to an accuracy of# 1% at the
B factories [6].

4.3 CP violation in B s mixing

Establishing CP violation in theBs system is considerably more challenging. The golden channel is
the decayBs $ #$ . Since it is an admixture of different CP eigenestates (represented by the different
polarizations of the two vector mesons in the Þnal state), an angular analysis is required for the extraction
of the CP violating phase. In addition,Bs oscillations are much faster than those ofBd, namely

! ms

! md
#

|M s
12

|M d
12|

%

!
!
!
!
Vts

Vtd

!
!
!
!

2

# 30. (46)

Finally, !" s effects in the time evolution cannot be neglected compared to! ms. In the SM! (B s )
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which is still small compared to the currently attainable experimental precision ofS(B s )
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where in the last step we have again used the fact the|" 12| & |M 12| in the B system. Note that the
above asymmetry is accessible with a time-independent measurement. It also representsCP violation in
mixing, simetimes termedindirect CP violation. An illustrative example is the wrong sign semileptonic
decay asymmetry
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where in the last step we have again used the fact the|" 12| & |M 12| in the B system. Note that the
above asymmetry is accessible with a time-independent measurement. It also representsCP violation in
mixing, simetimes termedindirect CP violation. An illustrative example is the wrong sign semileptonic
decay asymmetry
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sinceD ! øD oscillations allow for interference of two tree-level dominated decay amplitudes, in partic-
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where in the last step we have again used the fact the|�
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| in the B system. Note that the
above asymmetry is accessible with a time-independent measurement. It also representsCP violation in
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decay asymmetry
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4.5 CP violation in chargedB decays

The possibility of CP violation in chargedB decays is of special interest in the case ofB ± $ DK ± ,
sinceD ! øD oscillations allow for interference of two tree-level dominated decay amplitudes, in partic-
ular

B " $ D 0K " : b $ cøus ,
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a(d)
SL = (! 4.7± 0.6) · 10! 4

a(s)
SL = (2.22± 0.27) · 10! 5

Artuso, Borissov & Lenz, 1511.09466



CPV in the quark sector - overview

Possible CPV effects in meson mixing & decays (B-example) 
CPV in mixing (CPV in decays to CP-conjugate states) 

CPV in decays (of charged BÕs) 

With four measurements, can extract 3 hadronic parameters 
(A0,rB,' B) + CPV phase between decay amplitudes (!) 

14

B ! ! øD 0K ! : b ! øcus . (50)

The resulting phenomenology is particularly transparent by focusing on subsequentD decays to CP
eigenstates [12]

D 0 ! f CP : c ! d ødu , søsu ,
øD 0 ! f CP : øc ! d ødøu , søsøu . (51)

In the SM the ratio of the two decay amplitudes is then

AB
(D " f )K

AB
( øD " f )K

=
V #

cbVusaB
DK

V #
ubVcsaB

øDK

ei (! B
DK ! ! B

øDK
) ! f

VcdV #
ud

V #
cdVud

aD
f

a øD
f

ei (! D
f ! ! øD

f ) " ! f r B ei (! B ! " ) , (52)

where we have used the deÞnition of the angle" # Arg( $ VudV #
ub/V cdV #

cb) " 70$ [6] and have collected
the hadronic amplitude ratios intorB and the associated strong phases in#B .

The virtue of these modes is that in principle all unknown parameters can be determined by
measuring several available decay rates only, which are CP even quantities. In particular

A(B ! ! f + K ! ) = A0

!
1 + rB ei (! B ! " )

"
,

A(B ! ! f ! K ! ) = A0

!
1 $ rB ei (! B ! " )

"
,

A(B + ! f + K + ) = A0

!
1 + rB ei (! B + " )

"
,

A(B + ! f ! K + ) = A0

!
1 $ rB ei (! B + " )

"
. (53)

can be used to extract the three hadronic parameters (A0, rB and#B ) as well as" . Since noB mixing
is involved, these measurements are sensitive toCP violation in decayalso termeddirect CP violation.
The determination of" in this way is theoretically extremely clean, in particular, since CP violation in
D $ øD mixing is negligible. Experimentally, it is advantageous to have both a largerB and large#B .
Therefore, it is welcome that such approach can be adapted also for D-decay products, which are non
CP eigenstates [13].

5 Flavour and New Physics

Let us Þrst consider how much NP can still contribute to ßavour observables, given the current exper-
imental and theoretical precision. For example, given the good agreement of SM tree-level mediated
processes with experiment, one can perform basic tests of CKM unitarity. Taking only the moduli of the
Þrst row CKM elements:

Ð |Vud| which can be extracted from0+ ! 0+ e$ super-allowed nuclear%decays, yielding|Vud| =
0.97425(22)[6] ;

Ð |Vus| which is determined from the semileptonic kaon decaysK + ! &+ '$ , yielding |Vus| =
0.2237(13)[6] ;

Ð Þnally, |Vub| which is measured using charmless semileptonicB decaysB ! X u'$ , yelding
|Vub| = 4 .2(5) %10! 3 [6] ;

one can form the following CKM unitarity constraint [14]

|Vud|2 + |Vus|2 + |Vub|2 $ 1 = $ 0.0008(7). (54)
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(when f+/- CP-eigenstates 
reachable via two interfering 

decay amplitudes)



CPV in the quark sector - overview

Possible CPV effects in meson mixing & decays (B-example) 
CPV in mixing (CPV in decays to CP-conjugate states) 

CPV in decays (e.g. of charged BÕs) 

CPV in interference: time dependent CP asymmetry in decays to 
CP eigenstates 

where 

15

The time evolution of the neutral meson system can Þnally be parametrized in terms of states
|B 0(t)! corresponding to|B 0! at initial timet = 0 , and| øB 0(t)! corresponding to| øB 0! at t = 0

|B 0(t)! = g+ (t)|B 0! "
q
p

g! (t)| øB 0! ,

| øB 0(t)! = g+ (t)| øB 0! "
q
p

g! (t)|B 0! , (31)

where
g± #

1
2

!
e! mH t! ! H t/ 2 ± e! mL t ! ! L t/ 2

"
. (32)

The decay of the two mass eigenstates to some some Þnal statef after time t is described by the decay
amplitudes

$f |H| B 0! # Af ,

$øf |H| B 0! # A øf . (33)

The time-dependent decay rates are then given by

d! (|B 0(0)! ) % |f (t)!
dt

= N0e! ! t |Af |2&
#

1 + |! f |2

2
cosh

"! t
2

+
1 " |! f |2

2
cos" m t

+Re! f sinh
"! t

2
" Im! f sin" m t

$
,

d! (| øB 0(0)! ) % |f (t)!
dt

= N0e! ! t | øAf |2&
#

1 + |ø! f |2

2
cosh

"! t
2

+
1 " |ø! f |2

2
cos" m t

+Reø! f sinh
"! t

2
" Imø! f sin" m t

$
, (34)

whereN0 is the overall ßux normalization,

! f #
q
p

øAf

Af
, ø! f #

p
q

Af
øAf

=
1

! f
, (35)

and analogously for decays toøf . The various terms in the above tiem-evolution can be understood as
follwing

Ð Terms proportional to|Af |2, | øAf |2 describe a decay without net oscillation.
Ð Terms proportional to|! f |2, |ø! f |2 describe a decays following net oscillations.
Ð Terms proportional tosin" mt , sinh"! t/ 2 describe interference between the above two cases.
Ð CP violation in interference is possible only ifIm( ! f ) '= 0 .

Such effects can be observed in neutralB meson decays to CP eigenstates via a time-dependent CP
asymmetry

Af CP (t) #
d!
dt

%øB 0(0) % f CP (t)
&

" d!
dt

%
B 0(0) % f CP (t)

&

d!
dt

%øB 0(0) % f CP (t)
&

+ d!
dt [B 0(0) % f CP (t)]

. (36)

In the B (and alsoBs) system experimentally"! ( " m and so|q/p| ) 1 . In this limit, the full
expression forAf greatly simpliÞes and can be written as

Af (t) = Sf sin(" m t ) " Cf cos(" m t ) , (37)

where

Sf #
2 Im(! f )
1 + |! f |2

, Cf #
1 " |! f |2

1 + |! f |2
. (38)
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This Talk: Direct & Mixing-Induced CP Violation

¥ Direct CP violation: interference between decay amplitudes

A CP !
! (B " f ) # ! (B " f )

! (B " f ) + ! (B " f )
=

|A(B " f )|2 # |A(B " f )|2

|A(B " f )|2 + |A(B " f )|2

=
2|A1||A2| sin(! 1 # ! 2) sin(" 1 # " 2)

|A1|2 + 2 |A1||A2| cos(! 1 # ! 2) cos(" 1 # " 2) + |A2|2

¥ Mixing-induced CP violation: neutral Bq decays

Two M ain St rategies

¥ Amplitude relations allow us in several cases to eliminate the
hadronic matrix elements (! typically ! ):

Ð Exact relations:

Class of pure “tree” decays (e.g. B ! D K ).

Ð Relations, which follow from the ßavour symmetries of
strong interactions, i.e. isospin or SU (3)F :

B ! " " , B ! " K , B ! K K .

¥ Decays of neutral B d and B s mesons:

Interference e! ects through B 0
q–B 0

q mixing!

B 0
q

B 0
q

f

Ð “Mixing-induced” CP violation!

Ð If one CKM amplitude dominates (e.g. B d ! # K S):

" hadronic matrix elements cancel !

Ð Otherwise amplitude relations ...

B 0
s

øB 0
s

b

bs

s

W

W

u, c, t u, c, t B 0
s

øB 0
s

b

bs

s

NP
?

#s = #SM
s + #NP

s = # 2$2%+ #NP
s

#d = #SM
d + #NP

d = 2& + #NP
d

(& neglecting &) effects)



CPV in the B sector

The B0
d ! J/! KS Decay
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¥ Decay amplitude in the SM:
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(
1
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)
) % 0.5, #$

" 2

1 # " 2 = 0 .053

Currently (and in foreseeable future) most precise determinations of 
CKM CP phase 

¥ Golden B-factory mode: time-dependent AfCP in B0 !  * K S 

¥ Predominantly sensitive to &B=2 NP contributing to B0 mixing 
¥ Dominant theory uncertainties from ÔpenguinÕ contributions.
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A $ |Vcb|/ " 2 % 0.8, Rb $
'

1 #
" 2

2

(
1
"

)
)
)
)
Vub

Vcb

)
)
)
) % 0.5, #$

" 2

1 # " 2 = 0 .053

This Talk: Direct & Mixing-Induced CP Violation

• Direct CP violation: interference between decay amplitudes

ACP !
! (B " f ) # ! (B " f )

! (B " f ) + ! (B " f )

=

|A(B " f )|2 # |A(B " f )|2

|A(B " f )|2 + |A(B " f )|2

=

2|A1||A2| sin(! 1 # ! 2) sin(" 1 # " 2)

|A1|2 + 2|A1||A2| cos(! 1 # ! 2) cos(" 1 # " 2) + |A2|2

• Mixing-induced CP violation: neutral Bq decays

Two Main Strategies

• Amplitude relations allow us in several cases to eliminate the
hadronic matrix elements (! typically ! ):

– Exact relations:

Class of pure ÒtreeÓdecays (e.g. B ! D K ).

– Relations, which follow from the ßavour symmetries of
strong interactions, i.e. isospin or SU (3)F :

B ! " " , B ! " K , B ! K K .

• Decays of neutral B d and B s mesons:

Interference e! ects through B 0
qÐB 0

q mixing!

B 0
q

B 0
q

f

– ÒMixing-inducedÓCP violation!

– If one CKM amplitude dominates (e.g. B d ! # K S):

" hadronic matrix elements cancel !

– Otherwise amplitude relations ...

B 0
s

øB0
s

b

bs

s

W

W

u, c, t u, c, t B0
s

¯B 0
s

b

bs

s

NP

?

#s = #SM
s + #NP

s = # 2$2%+ #NP
s

#d = #SM
d + #NP

d = 2& + #NP
d

B 0
d

øB 0
d

d

d

!

¥ In SM these are doubly Cabibbo-suppressed 
¥ Usually neglected. Cannot be reliably calculated.  
¥ Can be estimated using (future) measurements of  

SU(3)F related modes Bs !  * K S, B !  * + 
¥ Important already at the current O(1o) precision.

Fleischer & De Bruyn, 1412.6834 

c.f. Jubb et al., 1603.07770



CPV in the Bs sector

Similar discussion applies to Bs decays 

Crucial difference: 
Exp. precision only now starting to reach SM prediction  
In future tighter probe of CPV NP in mixing wrsp. to CPC 
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FIG. 29 Current bounds (summer 2014) on the complex parameters ! d (left) and ! s (right) from di " erent mixing observables.
The point ! q = 1+0 i corresponds to the SM - no deviation from the SM is visible. Plots are taken from the CKMÞtter web-page
(see (Charleset al., 2005)).

available mixing observables UFfit finds the following
preferred parameter ranges

CB 0
s
= 1.052 ± 0.084 , (211)

! B 0
s
= 0.72! ± 2.06! . (212)

Again, everything seems to be perfectly consistent with
the SM, while space for sizable new physics e! ects, i.e. of
the order of 10% in CB 0

s
and of the order of a factor of 10

in the phase ! B 0
s
. The corresponding allowed parameter

regions for the B 0-system read

CB 0 = 1.07 ± 0.17 , (213)

! B 0 = ! 2.0! ± 3.2! , (214)

yielding the same conclusions as in the B 0
s -system.

Sometimes these bounds are transferred into bounds on
a hypothetical new physics scale. (Charles et al., 2014)
use the following notation for deviation of M s

12 from its
SM value

M s
12 = M s,SM

12

!
1 + hse2i ! s

"
,

1 + hse2i ! s = |" s|ei " !
s . (215)

Assuming further the operator

C2
ij

# 2 (q̄i,L " µ qj,L )2 (216)

to describe the new physics contribution to B 0
s mixing

(i.e. i = s and j = b), they find

hs "
C2

sb

#2
sb

#
4.5 TeV

#

$ 2

, (217)

$s = arg (Csb#"
sb) . (218)

Here Cij denotes the size of the new physics couplings
and # is the mass scale of new physics. Both of these
parameters are a priori unknown, because new physics
has not been detected yet and an investigation of current
experimental bounds on B 0

s mixing gives only informa-
tion about the ratio C2

ij / # 2, but not about the individual
values of the couplings and of the scale. #2

sb = V "
ts Vtb de-

notes the CKM structure of the SM contribution to B 0
s

mixing.
To make some statements about the new physics scale
additional assumptions have to be made. Assuming that
the coe$ cients Csb have the same size as the CKM
couplings, i.e. Csb = #sb (Charles et al., 2014) got a

M q
12 + i ! q

12 ! " B 0
q |H| øB 0

q#

M q
12 = ( M q

12)SM ! q

Heavy NP in mixing



Irreducible theory uncertainty

Many effects (mixing, CP violation) can be incorporated by
modifying equations and extracted from data

QED radiative corrections! CP conserving

Electroweak corrections

No effect from Z exchange

No effect from vertex corrections

Box diagrams can change CKM structure

B" D0

K "

W

øu

b c

øu

s

B"

D0

K "

W

øu

b øu

s

c

d, s, b

u, c, t

Joachim Brod (Universität Mainz) Theory uncertainty of ! from tree decays 12 / 19

CPV in the B sector

Currently (and in foreseeable future) most precise determinations of 
CKM CP phase 

Determination from charged B !  D K decays 
Theoretically extremely clean 

Hadronic parameters & effects of CPV in D can be Þt or 
constrained from data 
Intrinsic theory uncertainty in SM tiny (higher order EW effects) 

Also mostly free from possible NP effects (tree-level B !  D 
decays) -  SM standard candle
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! ! arg(" Vud V !
ub/V cdV !

cb)

! from tree decays Ð general idea

B! D0

K !

W

øu

b c

øu

s

" VcbV !
us

B!

øD0

K !

W

øu

b
øc

u

s

" VubV !
cs

b # cøus, b # uøcs

no penguin contribution

interference from common
D0, øD0 Þnal states

B! f

K ! D0

K ! øD0

AB

ABrBei ("B ! ! ) ADrDei"D

AD

Joachim Brod (Universit¬at Mainz) Theory uncertainty of ! from tree decays 4 / 19

!" / " ! O(10! 7) Brod & Zupan, 1308.5663

c.f. Brod @ LHCb workshop 2014

Brod et al., 1412.1446



CPV in the Kaon sector

Discovery channels of CPV in SM - most sensitive for generic NP 

Example: MSSM with generic ßavor & CPV

19
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FIG. 1: Summary of various low energy constraints (left of the lines are the excluded regions) in

the sfermion mass vs. tan! plane for the example of 3 TeV bino and wino and 10 TeV gluino,

while Þxing the mass insertion parameters to be ("A )ij = 0 .3 when using the super-CKM basis.

The dark (light) blue shaded band is the parameter space compatible with a Higgs mass ofmh =

125.5± 1 GeV within 1# (2#). The upper (lower) plot gives the reach of current (projected future)

experimental results collected in Tab. I.

electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on ßavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di! erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and
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the sfermion mass vs. tan! plane for the example of 3 TeV bino and wino and 10 TeV gluino,

while Þxing the mass insertion parameters to be ("A )ij = 0 .3 when using the super-CKM basis.

The dark (light) blue shaded band is the parameter space compatible with a Higgs mass ofmh =

125.5± 1 GeV within 1# (2#). The upper (lower) plot gives the reach of current (projected future)

experimental results collected in Tab. I.

electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on ßavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di! erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and
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=
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experimental results collected in Tab. I.

electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on flavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di↵erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and
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CPV in the Kaon sector

Discovery channels of CPV in SM - most sensitive for generic NP 
Analysis in terms of isospin amplitudes 

Direct CPV: 

Indirect CPV: 

Theory hindered by limited knowledge of hadronic matrix elements
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1 Introduction 4

suppression of bothB (1/ 2)
6 and B (3/ 2)

8 below their large-N limit B (1/ 2)
6 = B (3/ 2)

8 = 1 and
derive a conservative upper bound on bothB (1/ 2)

6 and B (3/ 2)
8 which reads [24]

B (1/ 2)
6 ! B (3/ 2)

8 < 1 (large-N ). (4)

While one ÞndsB (3/ 2)
8 (mc) = 0 .80± 0.10, the result forB (1/ 2)

6 is less precise but there is a
strong indication that B (1/ 2)

6 < B (3/ 2)
8 in agreement with (2) and (3). For further details,

see [24] and Section 3 below.
Employing the lattice results of (2) and (3), in our numerical analysis we Þnd

! !/ ! = (1 .9 ± 4.5) " 10" 4 , (5)

consistent with, but signiÞcantly more precise than the result obtained recently by the
RBC-UKQCD lattice collaboration [25],

(! !/ ! )SM = (1 .4 ± 7.0) " 10" 4 . (6)

This is even more noteworthy considering the fact that our result comprises also uncertain-
ties from isospin corrections and CKM parameters which were not considered in the error
estimate of [25]. Our result di! ers with close to 3" signiÞcance from the experimental
world average from NA48 [26] and KTeV [27,28] collaborations,

(! !/ ! )exp = (16.6 ± 2.3) " 10" 4 , (7)

suggesting evidence for new physics inK decays.
But even discarding the lattice results, varying all input parameters, we Þnd at the

bound B (1/ 2)
6 = B (3/ 2)

8 = 1,

(! !/ ! )SM = (8 .6 ± 3.2) " 10" 4 , (8)

still 2 " below the experimental data. We consider this bound conservative since employing
the lattice value in (2) andB (1/ 2)

6 = B (3/ 2)
8 = 0.76, instead of (8), one obtains (6.0± 2.4)"

10" 4.
This already shows that with the rather precise value ofB (3/ 2)

8 from lattice QCD, the
Þnal result for ! !/ ! dominantly depends on the value ofB (1/ 2)

6 and both lattice QCD [25]
and the large-N approach [24] indicate that the SM value of! !/ ! is signiÞcantly below
the data.

The two main goals of the present paper are:

¥ Derivation of a new version of our formula for! !/ ! which could also be used beyond
the SM and which appears to be more useful than its variants presented by us in
the past.

¥ Demonstration that our approach provides a substantially more accurate prediction
for ! !/ ! in the SM than it is presently possible within lattice QCD and that the
upper bound in (8) is rather conservative.

mBs = 5366.8(2) MeV [32] mBd = 5279.58(17) MeV[32]
! Ms = 17.757(21) ps�1[33] ! Md = 0 .5055(20) ps�1 [33]
S! KS = 0 .691(17) [33] S!" = 0 .015(35) [33]
|Vus| = 0 .2253(8) [32] |! K | = 2 .228(11)á10�3 [32]
FBs = 226.0(22) MeV [34] FBd = 188(4) MeV [35]
mt(mt) = 163.53(85) GeV S0(xt) = 2 .322(18)
" cc = 1 .87(76) [36] " ct = 0 .496(47) [37]
#Bs = 1 .510(5) ps [33] !" s/" s = 0 .124(9) [33]
#Bd = 1 .520(4) ps [33] ö

BK = 0 .75

Table 1: Values of the experimental and theoretical quantities used as input parameters.
For future updates see PDG [32] and HFAG [33].

and "B is the perturbative QCD correction [31]. Our input parameters, equal to the ones
used in [3], are collected in Table 1.

From (9) and (10) we Þnd using (4)

|Vtd|
|Vts|

= $
!

mBs

mBd

!
! Md

! Ms
= 0 .2046± 0.0033, (12)

which perfectly agrees with [3]. The tree-level determination of this ratio, quoted in the
latter paper and obtained from CKMÞtter [38], reads

|Vtd|tree

|Vts|tree
= 0 .2180± 0.0031. (13)

It is signiÞcantly higher than the value in (12). It should be emphasized that the values
of |Vcb| and |Vub| to a very good approximation do not enter this ratio. Therefore this
discrepancy is not a consequence of the tree-level determinations of|Vcb| and |Vub|. As we
will demonstrate below it is the consequence of the value of the angle%, which due to the
small value of$ found in [3] turns out to be signiÞcantly smaller than its tree-level value
in (6).

Now,
|Vtd| = |Vus||Vcb|Rt , |Vts| = "R|Vcb| (14)

with Rt being one of the sides of the unitarity triangle (see Fig. 1) and

"R = 1 � |Vus|$

!
! Md

! Ms

!
mBs

mBd

cos& +
' 2

2
+ O(' 4) = 0 .9826, (15)

where we have used
& = (21 .85± 0.67)� (16)

obtained from
S! KS = sin 2& = 0 .691± 0.017. (17)

5



CPV in the Kaon sector

Tremendous recent improvements in Lattice QCD 

to be compared with  

Theory uncertainty dominated by knowledge of two matrix 
elements 
 

21

Buras et al., 1507.06345 
using results of 

RBC-UKQCD, ,1505.07863

1 Introduction 4

suppression of bothB (1/ 2)
6 and B (3/ 2)

8 below their large-N limit B (1/ 2)
6 = B (3/ 2)

8 = 1 and
derive a conservative upper bound on bothB (1/ 2)

6 and B (3/ 2)
8 which reads [24]

B (1/ 2)
6 ! B (3/ 2)

8 < 1 (large-N ). (4)

While one ÞndsB (3/ 2)
8 (mc) = 0 .80± 0.10, the result forB (1/ 2)

6 is less precise but there is a
strong indication that B (1/ 2)

6 < B (3/ 2)
8 in agreement with (2) and (3). For further details,

see [24] and Section 3 below.
Employing the lattice results of (2) and (3), in our numerical analysis we Þnd

! !/ ! = (1 .9 ± 4.5) " 10" 4 , (5)

consistent with, but signiÞcantly more precise than the result obtained recently by the
RBC-UKQCD lattice collaboration [25],

(! !/ ! )SM = (1 .4 ± 7.0) " 10" 4 . (6)

This is even more noteworthy considering the fact that our result comprises also uncertain-
ties from isospin corrections and CKM parameters which were not considered in the error
estimate of [25]. Our result di! ers with close to 3" signiÞcance from the experimental
world average from NA48 [26] and KTeV [27,28] collaborations,

(! !/ ! )exp = (16.6 ± 2.3) " 10" 4 , (7)

suggesting evidence for new physics inK decays.
But even discarding the lattice results, varying all input parameters, we Þnd at the

bound B (1/ 2)
6 = B (3/ 2)

8 = 1,

(! !/ ! )SM = (8 .6 ± 3.2) " 10" 4 , (8)

still 2 " below the experimental data. We consider this bound conservative since employing
the lattice value in (2) andB (1/ 2)

6 = B (3/ 2)
8 = 0.76, instead of (8), one obtains (6.0± 2.4)"

10" 4.
This already shows that with the rather precise value ofB (3/ 2)

8 from lattice QCD, the
Þnal result for ! !/ ! dominantly depends on the value ofB (1/ 2)

6 and both lattice QCD [25]
and the large-N approach [24] indicate that the SM value of! !/ ! is signiÞcantly below
the data.

The two main goals of the present paper are:

¥ Derivation of a new version of our formula for! !/ ! which could also be used beyond
the SM and which appears to be more useful than its variants presented by us in
the past.

¥ Demonstration that our approach provides a substantially more accurate prediction
for ! !/ ! in the SM than it is presently possible within lattice QCD and that the
upper bound in (8) is rather conservative.

3 Prediction for ! ! / ! in the SM 14

the precision onmt increased by much in the last two decades.a(3/ 2)
0 contributes

positively to ! !/ ! .

iv) The contribution of the (V ! A) " (V + A) electroweak penguin operatorsQ7 and Q8

to P(3/ 2) is represented by the second term in (55). This contribution is dominated
by Q8 and depends sensitively onmt and " s. It contributes negativelyto ! !/ ! .

The competition between these four contributions is the reason why it is di! cult to
predict ! !/ ! precisely. In this context, one should appreciate the virtue of our approach:
the contributions i) and iii) can be determined rather precisely by CP-conserving data so
that the dominant uncertainty in our approach in predicting ! !/ ! resides in the values of
B (1/ 2)

6 and B (3/ 2)
8 .

3 Prediction for ! !/ ! in the SM

3.1 Prediction for ! ! / ! and discussion

We begin our analysis by employing the lattice values in (2) and (3). Varying all parame-
ters within their input ranges and combining the resulting variations in! !/ ! in quadrature,
we obtain:

(! !/ ! )SM = (1 .9 ± 4.5) # 10" 4. (61)

Comparing to the experimental result (! !/ ! )exp = (16.6± 2.3)# 10" 4 (average of NA48 [26]
and KTeV [27,28]), we observe a discrepancy of 2.9# signiÞcance.

quantity error on ! !/ ! quantity error on ! !/ !
B (1/ 2)

6 4.1 md(mc) 0.2
NNLO 1.6 q 0.2

ö" e! 0.7 B (1/ 2)
8 0.1

p3 0.6 Im$t 0.1
B (3/ 2)

8 0.5 p72 0.1
p5 0.4 p70 0.1

ms(mc) 0.3 " s(MZ ) 0.1
mt(mt ) 0.3

Table 4: Error budget, ordered from most important to least important. Each line shows
the variation from the central value of our! !/ ! prediction, in units of 10" 4, as the cor-
responding parameter is varied within its input range, all others held at central values.

A detailed error budget is given in Table 4. It is evident that the error is dominated
by the hadronic parameterB (1/ 2)

6 . Uncertainties from higher-order corrections are still
signiÞcant yet small if compared to the deviation from the experimental value. All other
individual errors are below 10" 4, with the third most important uncertainty coming from
the isospin breaking parameterö" e! , at a level of 0.7 # 10" 4 and about six times smaller
than the error due to B (1/ 2)

6 . If matrix elements are taken from a lattice calculation, the

4 Comparison with RBC-UKQCD lattice QCD 17
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Figure 1: ! !/ ! as a function ofB (1/ 2)
6 . For further explanation see the text.

The vertical band represents central value and error onB (1/ 2)
6 from (3), the horizontal

band the experimental world average on! !/ ! . The black region on each line is excluded
by the bound (4). We observe that the experimental value of! !/ ! can only be reproduced
in the SM far outside the RBC-UKQCD range and then only for valuesB (1/ 2)

6 > B (3/ 2)
8

and B (1/ 2)
6 > 1 in variance with the bound (4).

We Þnally observe that even if the boundB (1/ 2)
6 ! B (3/ 2)

8 is violated, but the bound
B (1/ 2)

6 ! 1 is respected, the SM cannot quite reach the experimental data. Indeed, em-
ploying this unlikely hypothesis, we Þnd this time

(! !/ ! )SM = (11.1 ± 3.2) " 10" 4, (B (1/ 2)
6 = 1.0, B (3/ 2)

8 = 0.76). (67)

4 Comparison with RBC-UKQCD lattice QCD

4.1 Preliminaries

The results for ! !/ ! presented in [23, 25] can be summarised by a formula analogous to
(64),

! !

!
= 10" 4

!
Im" t

1.4 á10" 4

" #
# 6.5(3.2) + 25.3B (1/ 2)

6 + 1.2(8) # 10.2B (3/ 2)
8

$
. (68)

In deriving this formula, we used the value of the matrix element$Q6%given in [25]
for µ = 1.53 GeV:

$Q6(µ)%0 = # 0.379(97)(83) GeV3 (RBC-UKQCD) (69)
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6
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6 , this parameter
must be a priority for future non-perturbative calculations for ßavour physics. Fortu-
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ment is hence possible. (See also comparison with lattice below.) Progress on isospin
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measurement of! !/ ! in the future worthwhile.

3.2 Discussion of B (1 / 2)
6 dependence
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we Þnd

! !

!
= 10" 4

!
Im" t

1.4 á10" 4

" #
a

$
1 ! ö" e!

%$
! 4.1(8) + 24.7B (1/ 2)

6

%
+ 1.2(1) ! 10.4B (3/ 2)

8

&
,

(64)
with the four terms corresponding to the four contributions in question. The Þrst number
in brackets comprise the uncertainties of the sub-leading hadronic parametersq, p3, p5,
p70 and B (1/ 2)

8 , while the second number in brackets is due to the uncertainty inp72. This
assignment of uncertainties will simplify the comparison with (68), even though it does
not strictly follow our formalism. Furthermore, a remark on error correlations is in order.
Due to implementing the constraints from CP-conserving data, correlations between the
di! erent contributions to ! !/ ! are introduced. However, as the initial correlations of the
hadronic matrix elements determined on the lattice are not available, we refrain from
incorporating them into our analysis.

It should be noted that the term representingQ6 penguin operator involves the product
a(1 ! ö" e! )B (1/ 2)

6 . Therefore, e! ectively isospin breaking corrections lower the value of
B (1/ 2)
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6 = 0.57 an e! ective value of 0.49.
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B (3/ 2)
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8 = 0.9 (green), B (3/ 2)

8 = 1 (brown) . (66)
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which reduces the number of independent (V ! A) " (V ! A) matrix elements entering
ReA0,2 and ImA0,2 to three. On the other hand, to an excellent approximation the am-
plitudes ReA0 and ReA2 at µ = mc are fully described by the operatorsQ! and Q+ , so
that we can write

ReA0 =
GF#

2
VudV "

us

!
z+ $Q+ %0 + z! $Q! %0

"
, (33)

ReA2 =
GF#

2
VudV "

us z+ $Q+ %2 . (34)

Introducing the ratio

q &
z+ (µ)$Q+ (µ)%0

z! (µ)$Q! (µ)%0
, z± = z2 ± z1 , (35)

allows us to express the ratios involving only (V ! A) " (V ! A) operators that will enter
our basic formula for! #/ ! as follows:

#
ImA0

ReA0

$

V ! A

= Im "
[4y4 ! b(3y9 ! y10)]

2(1 + q)z!
+ Im " b

3q(y9 + y10)
2(1 + q)z+

, (36)

#
ImA2

ReA2

$

V ! A

= Im "
3(y9 + y10)

2z+
. (37)

Besides the CKM ratio" , the Þrst ratio depends only on Wilson coe! cients and the single
hadronic ratio q to which we will return below. On the other hand the second ratio is free
from hadronic uncertainties, being fully determined by the Wilson coe! cients z+ , y9, y10

and by " .
The remaining contributions to ImA0 and ImA2 are due to (V ! A) " (V + A) operators

and are dominated by the operatorsQ6 and Q8, respectively. We Þnd this time
#

ImA0

ReA0

$

6

= !
GF#

2
Im#t y6

$Q6%0

ReA0
, (38)

#
ImA2

ReA2

$

8

= !
GF#

2
Im#t ye!

8
$Q8%2

ReA2
. (39)

Contributions from Q3 and Q5 are very suppressed but can and have been included in
our numerical error estimate. (See Appendix A.) We have also taken into account the
small e" ect of $Q7%2, for which a relatively precise lattice prediction exists [23], through
the substitution

y8 ' ye!
8 & y8 + p72 y7 (40)

which is included in writing (39). Herep72 & $Q7%2/ $Q8%2 = 0.222 for central values
of [23]. (In our numerics, we have added the corresponding errors linearly and attribute
a 15% uncertainty to this contribution.)

The matrix elements of theQ6 and Q8 operators are conveniently parametrised by

$Q6(µ)%0 = ! 4h
%

m2
K

ms(µ) + md(µ)

&2

(FK ! F! ) B (1/ 2)
6 , (41)

$Q8(µ)%2 =
#

2h
%

m2
K

ms(µ) + md(µ)

&2

F! B (3/ 2)
8 , (42)
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It should be stressed that assuming dominance of SM dynamics in CP-conserving data,
our determination of the contributions of (V ! A) " (V ! A) operators to ! !/ ! is basically
independent of the non-perturbative approach used. The RBC-UKQCD lattice collab-
oration calculates these contributions directly and we will indeed identify a signiÞcant
di! erence between their estimate of theQ4 contribution to ! !/ ! and ours.

Our paper is organised as follows. In Section 2, we derive the analytic formula for! !/ !
in question using the strategy of [10] but improving on it. Using this formula, we present
a new analysis of! !/ ! within the SM exhibiting its sensitivity to the precise value ofB (1/2)

6
and the weak dependence onq. In Section 3, we perform the anatomy of uncertainties
a! ecting ! !/ ! and present the prediction of! !/ ! in the SM, including a discussion of
its B (1/2)

6 dependence. In Section 4, we extract from the lattice-QCD results of [25] the
values of the most important hadronic matrix elements and compare them with ours. This
allows us to identify the main origin of the di! erence between (5) and (6). In particular,
we point out an approximate correlation between the contribution of theQ4 operator
to ! !/ ! and the value of ReA0 valid in any non-perturbative approach. In Section 5,
we investigate if thus far neglected SM contributions could bring our result for! !/ ! into
agreement with the experimental Þndings. A brief general discussion of the impact of
possible NP contributions to ReA0,2 and ImA0,2 and of the implications of our results for
NP models is given in Section 6. The summary of our observations and an outlook are
presented in Section 7. In Appendix A, we discuss the sub-leading contributions to our
prediction for ! !/ ! and in Appendix B, for completeness, an updated analytic formula for
! !/ ! in the SM is presented in the form used in several of our papers in the past (e.g. [21])
that is equivalent to the one derived in Section 2, but exhibits themt, " s, ms and md

dependences more explicitly.

2 Basic formulae

2.1 E↵ective Hamiltonian

We use the e! ective Hamiltonian for " S = 1 transitions of [6Ð11]

He↵ =
GF#

2
VudV "

us

10X

i=1

�
zi(µ) + # yi(µ)

�
Qi(µ) , # $ !

VtdV "
ts

VudV "
us

. (9)

The contributing operators are given as follows:
Current–Current:

Q1 = (øs↵u�)V # A (øu�d↵)V # A Q2 = (øsu)V # A (øud)V # A (10)

QCD–Penguins:

Q3 = (øsd)V # A

X

q= u,d,s,c,b

(øqq)V # A Q4 = (øs↵d�)V # A

X

q= u,d,s,c,b

(øq�q↵)V # A (11)

Q5 = (øsd)V # A

X

q= u,d,s,c,b

(øqq)V + A Q6 = (øs↵d�)V # A

X

q= u,d,s,c,b

(øq�q↵)V + A (12)

see also 
Buras et al., 
1507.06326 
1507.08672 
1512.02869 
1601.00005 
1603.05686
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Time integrated CP asymmetries
in decays to Þnal CP eigenstates
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CPV in Charm Mixing

Model Independent Implications for New Physics

Im(Ci ) = 1

Carrasco et al. Õ14

(assuming SM contribution is negligible)

the experimental results on CP
violation in D ! øD mixing can set

bounds on the scale ! NP of
generic new physics with O(1)
up-charm mixing at the level of

several 10,000 TeV

" New Physics Flavor Problem

Wolfgang Altmannshofer (PI) D - øD Mixing, Charm CPV and NP September 9 9 / 20

Following ref. [10], in deriving the lower bounds on the NP scale�, we
assumeL i = 1 , that corresponds to strongly-interacting and/or tree-level
coupled NP. Two other interesting possibilities are given by loop-mediated
NP contributions proportional to either ! 2

s or ! 2
W . The Þrst case corresponds

for example to gluino exchange in the MSSM. The second case applies to
all models with SM-like loop-mediated weak interactions. To obtain the
lower bound on� entailed by loop-mediated contributions, one simply has to
multiply the bounds we quote in the following by ! s(�) ! 0.1 or ! W ! 0.03.

95% upper limit Lower limit on �
(GeV�2) (TeV)

Im CD
1 [" 0.9, 2.5] · 10�14 6.3 · 103

Im CD
2 [" 2.8, 1.0] · 10�15 1.9 · 104

Im CD
3 [" 3.0, 8.6] · 10�14 3.4 · 103

Im CD
4 [" 2.7, 8.0] · 10�16 3.5 · 104

Im CD
5 [" 0.4, 1.1] · 10�14 9.5 · 103

Table 2: 95%probability intervals for the imaginary part of the Wilson coe! -
cients, Im CD

i , and the corresponding lower bounds on the NP scale,�, for a
generic strongly interacting NP with generic ßavor structure (L i = Fi = 1) .
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Figure 1: Lower bounds on the NP scale as obtained from the constraints
on the imaginary part of the Wilson coe! cients, Im CD

i .

The results for the upper bounds on the imaginary part of the Wilson
coe! cients, ImCD

i , and the corresponding lower bounds on the NP scale�
are collected in Table 2. The latter are also shown in Þg. 1. The superscript
D is to recall that we are reporting the bounds coming from theD-meson
sector we are here analyzing.

We remind the reader that the analysis is performed (as in ref. [10])
by switching on one coe! cient at the time in each sector, thus barring the
possibility of accidental cancellations among the contributions of di" erent

4

Carrasco et al., 1403.7302

Q1 = [øca! µ (1 ! ! 5)ua]
!
øcb! µ (1 ! ! 5)ub"

,

Q2 = [øca(1 ! ! 5)ua]
!
øcb(1 ! ! 5)ub"

,

Q3 =
!
øca(1 ! ! 5)ub" !

øcb(1 ! ! 5)ua"
,

Q4 = [øca(1 ! ! 5)ua]
!
øcb(1 + ! 5)ub"

,

Q5 =
!
øca(1 ! ! 5)ub" !

øcb(1 + ! 5)ua"
,

Current measurements probe (CPV) 
&C=2 NP scales up to 104 TeV 

Can be improved w/o theory input
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Example: MSSM with generic ßavor & CPV
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Time integrated CP asymmetries in decays to Þnal CP eigenstates 
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Time integrated CP asymmetries
in decays to Þnal CP eigenstates
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The LHCb collaboration recently announced preliminary evidence for CP violation in D meson
decays. We discuss this result in the context of the standard model (SM), as well as its extensions.
In the absence of reliable methods to evaluate the hadronic matrix elements involved, we can only
estimate qualitatively the magnitude of the non-SM tree level operators required to generate the
observed central value. In the context of an e! ective theory, we list the operators that can give rise
to the measured CP violation and investigate constraints on them from other processes.

I. INTRODUCTION

Recently the LHCb collaboration reported a 3.5! evi-
dence for a non-zero value of the di! erence between the
time-integrated CP asymmetries in the decaysD 0 !
K + K ! and D 0 ! " + " ! [1],

" aCP " aK + K ! # a! + ! ! = # (0.82± 0.21± 0.11)%. (1)

The time-integrated CP asymmetry for a Þnal CP eigen-
state, f , is deÞned as

af "
#(D 0 ! f ) # #( øD 0 ! f )
#(D 0 ! f ) + #( øD 0 ! f )

. (2)

Combined with previous measurements of these CP
asymmetries [2Ð5], the world average is

" aCP = # (0.65± 0.18)%. (3)

Following [6] we write the singly-Cabibbo-suppressed
D 0 ( øD 0) decay amplitudesAf ( øAf ) to CP eigenstates,f ,
as

Af = AT
f ei " T

f
!
1 + r f ei (#f + " f ) " , (4a)

øAf = #CP AT
f e! i " T

f
!
1 + r f ei (#f ! " f ) " , (4b)

where#CP = ± 1 is the CP eigenvalue off , the dominant
singly-Cabibbo-suppressed ÒtreeÓ amplitude is denoted
AT

f e± i " T
f , and r f parameterizes the relative magnitude

of all the subleading amplitudes (often called ÒpenguinÓ
amplitudes), which have di! erent strong ($f ) and weak
(%f ) phases.

In the following we focus on the" + " ! and K + K ! Þ-
nal states. In general,af can be written as a sum of CP
asymmetries in decay, mixing, and interference between
decay with and without mixing. Mixing e ! ects are sup-
pressed by theD 0 # øD 0 mixing parameters, and, being
universal, tend to cancel in the di! erence betweenK + K !

and " + " ! Þnal states [6]. Taking into account the di ! er-
ent time-dependence of the acceptances in the two modes,
LHCb quotes [1] for the interpretation of Eq. ( 1),

aK + K ! # a! + ! ! $ adir
K # adir

! + (0 .10± 0.01)aind . (5)

Thus, because of the experimental constraints on the
mixing parameters [see Eq. (18)], a large " aCP can be
generated only by the direct CP violating terms,

adir
f = #

2r f sin$f sin%f

1 + 2r f cos$f cos%f + r 2
f

, (6)

and we use thef = K, " shorthand for K + K ! and " + " ! .

II. GENERAL CONSIDERATIONS AND SM
PREDICTION

Independent of the underlying physics, a necessary
condition for non-vanishing adir

f is to have at least two
amplitudes with di ! erent strong and weak phases con-
tribute to the Þnal state f . In the isospin symmetry limit,
the condition on the strong phases implies that di! erent
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) e! ective Hamiltonian, deÞned below, have
both " I = 1 / 2 and " I = 3 / 2 components, the sublead-
ing operators with a di! erent weak phase may have a
single isospin component. As far as amplitudes with a
di! erent weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
&" |VcbVub|/ |VcsVus | $ 0.0007.

The SM e! ective weak Hamiltonian relevant for
hadronic singly-Cabibbo-suppressedD decays, renormal-
ized at a scalemc < µ < m b can be decomposed as

H e!
|" c|=1 = ' d H d

|" c|=1 + ' s H s
|" c|=1 + ' b H peng

|" c|=1 , (7)

where ' q = V "
cqVuq , and

H q
|" c|=1 =

GF%
2

#

i =1 ,2

Cq
i Qs

i + H .c. , q = s, d,

Qq
1 = (øuq)V ! A (øqc)V ! A ,

Qq
2 = (øu$ q%)V ! A (øq%c$ )V ! A , (8)

and ( , ) are color indices. The Þrst two terms in Eq. (7)
haveO(1) Wilson coe$ cients in the SM. On the contrary,
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The LHCb collaboration recently announced preliminary evidence for CP violation in D meson
decays. We discuss this result in the context of the standard model (SM), as well as its extensions.
In the absence of reliable methods to evaluate the hadronic matrix elements involved, we can only
estimate qualitatively the magnitude of the non-SM tree level operators required to generate the
observed central value. In the context of an e! ective theory, we list the operators that can give rise
to the measured CP violation and investigate constraints on them from other processes.

I. INTRODUCTION

Recently the LHCb collaboration reported a 3.5! evi-
dence for a non-zero value of the di! erence between the
time-integrated CP asymmetries in the decays D 0 !
K + K ! and D 0 ! " + " ! [1],

" aCP " aK + K ! # a! + ! ! = # (0.82± 0.21± 0.11)% . (1)

The time-integrated CP asymmetry for a final CP eigen-
state, f , is defined as

af "
#(D 0 ! f ) # #(D̄ 0 ! f )
#(D 0 ! f ) + #(D̄ 0 ! f )

. (2)

Combined with previous measurements of these CP
asymmetries [2–5], the world average is

" aCP = # (0.65 ± 0.18)% . (3)

Following [6] we write the singly-Cabibbo-suppressed
D 0 (D̄ 0) decay amplitudes Af (Ā f ) to CP eigenstates, f ,
as

Af = AT
f ei " T

f
!
1 + r f ei (#f + " f ) " , (4a)

Ā f = #CP AT
f e! i " T

f
!
1 + r f ei (#f ! " f ) " , (4b)

where #CP = ± 1 is the CP eigenvalue of f , the dominant
singly-Cabibbo-suppressed “tree” amplitude is denoted

AT
f e± i " T

f , and r f parameterizes the relative magnitude

of all the subleading amplitudes (often called “penguin”
amplitudes), which have di! erent strong ($f ) and weak
(%f ) phases.

In the following we focus on the " + " ! and K + K ! fi-
nal states. In general, af can be written as a sum of CP
asymmetries in decay, mixing, and interference between
decay with and without mixing. Mixing e! ects are sup-
pressed by the D 0 # D̄ 0 mixing parameters, and, being
universal, tend to cancel in the di! erence between K + K !

and " + " ! final states [6]. Taking into account the di! er-
ent time-dependence of the acceptances in the two modes,
LHCb quotes [1] for the interpretation of Eq. (1),

aK + K ! # a! + ! ! $ adir
K # adir

! + (0.10 ± 0.01) aind . (5)

Thus, because of the experimental constraints on the
mixing parameters [see Eq. (18)], a large " aCP can be
generated only by the direct CP violating terms,

adir
f = #

2r f sin $f sin%f

1 + 2r f cos $f cos%f + r 2
f

, (6)

and we use the f = K, " shorthand for K + K ! and " + " ! .

II. GENERAL CONSIDERATIONS AND SM
PREDICTION

Independent of the underlying physics, a necessary
condition for non-vanishing adir

f is to have at least two
amplitudes with di! erent strong and weak phases con-
tribute to the final state f . In the isospin symmetry limit,
the condition on the strong phases implies that di! erent
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) e! ective Hamiltonian, defined below, have
both " I = 1/ 2 and " I = 3/ 2 components, the sublead-
ing operators with a di! erent weak phase may have a
single isospin component. As far as amplitudes with a
di! erent weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
&" |VcbVub|/ |VcsVus | $ 0.0007.
The SM e! ective weak Hamiltonian relevant for

hadronic singly-Cabibbo-suppressed D decays, renormal-
ized at a scale mc < µ < m b can be decomposed as

H e!
|" c|=1 = ' d H d

|" c|=1 + ' s H s
|" c|=1 + ' b H peng

|" c|=1 , (7)

where ' q = V "
cqVuq , and

H q
|" c|=1 =

GF%
2

#

i =1 ,2

Cq
i Qs

i +H.c. , q = s, d,

Qq
1 = (ūq)V ! A (q̄c)V ! A ,

Qq
2 = (ū$ q%)V ! A (q̄%c$ )V ! A , (8)

and ( , ) are color indices. The first two terms in Eq. (7)
have O(1) Wilson coe$ cients in the SM. On the contrary,
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The LHCb collaboration recently announced preliminary evidence for CP violation in D meson
decays. We discuss this result in the context of the standard model (SM), as well as its extensions.
In the absence of reliable methods to evaluate the hadronic matrix elements involved, we can only
estimate qualitatively the magnitude of the non-SM tree level operators required to generate the
observed central value. In the context of an e! ective theory, we list the operators that can give rise
to the measured CP violation and investigate constraints on them from other processes.

I. INTRODUCTION

Recently the LHCb collaboration reported a 3.5! evi-
dence for a non-zero value of the di! erence between the
time-integrated CP asymmetries in the decaysD 0 !
K + K ! and D 0 ! " + " ! [1],

" aCP " aK + K ! # a! + ! ! = # (0.82± 0.21± 0.11)%. (1)

The time-integrated CP asymmetry for a Þnal CP eigen-
state, f , is deÞned as

af "
#(D 0 ! f ) # #( øD 0 ! f )
#(D 0 ! f ) + #( øD 0 ! f )

. (2)

Combined with previous measurements of these CP
asymmetries [2Ð5], the world average is

" aCP = # (0.65± 0.18)%. (3)

Following [6] we write the singly-Cabibbo-suppressed
D 0 ( øD 0) decay amplitudesAf ( øAf ) to CP eigenstates,f ,
as

Af = AT
f ei " T

f
!
1 + r f ei (#f + " f ) " , (4a)

øAf = #CP AT
f e! i " T

f
!
1 + r f ei (#f ! " f ) " , (4b)

where#CP = ± 1 is the CP eigenvalue off , the dominant
singly-Cabibbo-suppressed ÒtreeÓ amplitude is denoted
AT

f e± i " T
f , and r f parameterizes the relative magnitude

of all the subleading amplitudes (often called ÒpenguinÓ
amplitudes), which have di! erent strong ($f ) and weak
(%f ) phases.

In the following we focus on the" + " ! and K + K ! Þ-
nal states. In general,af can be written as a sum of CP
asymmetries in decay, mixing, and interference between
decay with and without mixing. Mixing e ! ects are sup-
pressed by theD 0 # øD 0 mixing parameters, and, being
universal, tend to cancel in the di! erence betweenK + K !

and " + " ! Þnal states [6]. Taking into account the di ! er-
ent time-dependence of the acceptances in the two modes,
LHCb quotes [1] for the interpretation of Eq. ( 1),

aK + K ! # a! + ! ! $ adir
K # adir

! + (0 .10± 0.01)aind . (5)

Thus, because of the experimental constraints on the
mixing parameters [see Eq. (18)], a large " aCP can be
generated only by the direct CP violating terms,

adir
f = #

2r f sin$f sin%f

1 + 2r f cos$f cos%f + r 2
f

, (6)

and we use thef = K, " shorthand for K + K ! and " + " ! .

II. GENERAL CONSIDERATIONS AND SM
PREDICTION

Independent of the underlying physics, a necessary
condition for non-vanishing adir

f is to have at least two
amplitudes with di ! erent strong and weak phases con-
tribute to the Þnal state f . In the isospin symmetry limit,
the condition on the strong phases implies that di! erent
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) e! ective Hamiltonian, deÞned below, have
both " I = 1 / 2 and " I = 3 / 2 components, the sublead-
ing operators with a di! erent weak phase may have a
single isospin component. As far as amplitudes with a
di! erent weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
&" |VcbVub|/ |VcsVus | $ 0.0007.

The SM e! ective weak Hamiltonian relevant for
hadronic singly-Cabibbo-suppressedD decays, renormal-
ized at a scalemc < µ < m b can be decomposed as

H e!
|" c|=1 = ' d H d

|" c|=1 + ' s H s
|" c|=1 + ' b H peng

|" c|=1 , (7)

where ' q = V "
cqVuq , and

H q
|" c|=1 =

GF%
2

#

i =1 ,2

Cq
i Qs

i + H .c. , q = s, d,

Qq
1 = (øuq)V ! A (øqc)V ! A ,

Qq
2 = (øu$ q%)V ! A (øq%c$ )V ! A , (8)

and ( , ) are color indices. The Þrst two terms in Eq. (7)
haveO(1) Wilson coe$ cients in the SM. On the contrary,
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smaller in the ! + ! ! than in the K + K ! mode. There-
fore, it will be very interesting for the interpretation of
the results when the CP asymmetries are measured sep-
arately with increased precision. Recent measurements
by CDF [2], Belle [3] and BaBar [4] yield for the average
of the individual CP asymmetries (without LHCb, and
dominated by CDF [2]) in the ! + ! ! and K + K ! modes
(2.0± 2.2)! 10! 3 and (" 2.3± 1.7)! 10! 3 [5], respectively,
which does not yet allow us to draw deÞnite conclusions
[and are included in Eq. (3)]. Another important experi-
mental handle to decide whether the observed signal can
or cannot be accommodated in the SM would be observ-
ing or constraining CP violation in other decay modes,
corresponding to the same quark-level transitions. These
include pseudoscalar-vector or vector-vector Þnal states,
three-body decays,Ds and ! c decays. More precise mea-
surements in such decays will help to decide whether the
measured CP asymmetry in Eq. (1) is due to new short
distance physics, or to a large enhancement of a hadronic
matrix element in one particular channel.

III. NEW PHYSICS CONTRIBUTIONS

The size of NP e" ects allowed in # aCP depends on
Im( # RSM ). In order to understand the scale probed by
the measurement, we parametrize the NP contributions
in terms of an e" ective NP scale! NDA , normalized to the
Fermi scale: Im(CNP

i ) =
#

2 Im(CNDA )/ (! 2
NDA GF ). The

resulting sensitivity for ! NDA (CNDA ) can be written as

Im( CNDA )
(10 TeV)2

! 2
NDA

=
(0.61± 0.17) " 0.12 Im(# RSM )

Im( # RNP )
.

(13)
In other words, assuming Im(# RNP ) $ 1, |# RSM | % 5
and CNDA = 1 implies that a NP scale of O(13 TeV) will
saturate the observed CP violation; alternatively, setting
! NDA & 21/ 4/

#
GF implies that CNDA $ 7 ! 10! 4 is

required. As we discuss below, despite the large scale
involved, after taking into account the bounds from CP
violation in |# c| = 2 and |# s| = 1 processes, only a few
NP operators may saturate the value in Eq. (13) in the
limit |# RSM | % 5.

To discuss possible NP e" ects, we consider the follow-
ing e" ective Hamiltonian

H e! ! NP
|" c|=1 =

GF#
2

!

i =1 ,2,5,6

!

q

(Cq
i Qq

i + Cq"
i Qq"

i )

+
GF#

2

!

i =7 ,8

(Ci Qi + C"
i Q

"
i ) + H .c. , (14)

whereq = { d, s, b, u, c} , and the list of operators includes,

in addition to Qq
1,2 given in Eq. (8),

Qq
5 = (øuc)V ! A (øqq)V + A ,

Qq
6 = (øu! c" )V ! A (øq" q! )V + A ,

Q7 = "
e

8! 2 mc øu" µ#(1 + #5)F µ# c ,

Q8 = "
gs

8! 2 mc øu" µ#(1 + #5)TaGµ#
a c , (15)

and another set, Q(q)"
i , obtained from Q(q)

i via the re-
placementsA ' " A and #5 ' " #5. This is the most
general dimension-six e" ective Hamiltonian relevant for
D & K + K ! , ! + ! ! decays, after integrating out heavy
degrees of freedom around or above the electroweak scale.

A. Bounds on NP e ! ects from D 0 ! øD 0 mixing

Charm mixing arises from |# c| = 2 interactions that
generate o" -diagonal terms in the mass matrix for D 0

and øD 0 mesons. TheD 0 " øD 0 transition amplitudes are
deÞned as

(D 0| H | øD 0) = M 12 "
i
2

$12 . (16)

The three physical quantities related to the mixing can
be deÞned as

y12 *
|$12|

$
, x12 * 2

|M 12|
$

, $12 * arg
"

M 12

$12

#
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(17)
HFAG has performed a Þt to these theoretical quantities,
even allowing for CP violation in decays, and obtained
the following 95% C.L. regions [5]

x12 + [0.25, 0.99] %,

y12 + [0.59, 0.99] %,

$12 + [" 7.1#, 15.8#] . (18)

We cannot reliably estimate the SM contributions to
these quantities from Þrst principles, and thus simply re-
quire the NP contributions to at most saturate the above
experimental bounds onx12, y12, and $12.

The NP operators present inH e! ! NP
|" c|=1 may a" ect D 0Ð

øD 0 mixing parameters at the second order in the NP
coupling, T

$
H e! ! NP

|" c|=1 (x) H e! ! NP
|" c|=1 (0)

%
. Such a contribu-

tion, which formally corresponds to a quadratically di-
vergent one loop diagram, is highly UV sensitive. If we
assume a fully general structure for our e" ective theory,
where operators are of NDA strength, then the scaling
in Eq. (13) would imply much too large contributions to
D " øD mixing and CP violation (see, e.g., [11]). This
could be a major constraint for many SM extensions.
However, being a genuine UV e" ect, it is also highly
model dependent. On the other hand, assuming that
H e! ! NP

|" c|=1 is generated above the electroweak scale and the
UV completion of the theory cures the above mentioned
problem, we can derive (model-independent) bounds on

3

smaller in the ! + ! ! than in the K + K ! mode. There-
fore, it will be very interesting for the interpretation of
the results when the CP asymmetries are measured sep-
arately with increased precision. Recent measurements
by CDF [2], Belle [3] and BaBar [4] yield for the average
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which does not yet allow us to draw deÞnite conclusions
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mental handle to decide whether the observed signal can
or cannot be accommodated in the SM would be observ-
ing or constraining CP violation in other decay modes,
corresponding to the same quark-level transitions. These
include pseudoscalar-vector or vector-vector Þnal states,
three-body decays,Ds and ! c decays. More precise mea-
surements in such decays will help to decide whether the
measured CP asymmetry in Eq. (1) is due to new short
distance physics, or to a large enhancement of a hadronic
matrix element in one particular channel.

III. NEW PHYSICS CONTRIBUTIONS

The size of NP e" ects allowed in # aCP depends on
Im( # RSM ). In order to understand the scale probed by
the measurement, we parametrize the NP contributions
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In other words, assuming Im(# RNP ) $ 1, |# RSM | % 5
and CNDA = 1 implies that a NP scale of O(13 TeV) will
saturate the observed CP violation; alternatively, setting
! NDA & 21/ 4/

#
GF implies that CNDA $ 7 ! 10! 4 is

required. As we discuss below, despite the large scale
involved, after taking into account the bounds from CP
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and another set, Q(q)"
i , obtained from Q(q)

i via the re-
placementsA ' " A and #5 ' " #5. This is the most
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We cannot reliably estimate the SM contributions to
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where operators are of NDA strength, then the scaling
in Eq. (13) would imply much too large contributions to
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could be a major constraint for many SM extensions.
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The LHCb collaboration recently announced preliminary evidence for CP violation in D meson
decays. We discuss this result in the context of the standard model (SM), as well as its extensions.
In the absence of reliable methods to evaluate the hadronic matrix elements involved, we can only
estimate qualitatively the magnitude of the non-SM tree level operators required to generate the
observed central value. In the context of an e! ective theory, we list the operators that can give rise
to the measured CP violation and investigate constraints on them from other processes.

I. INTRODUCTION

Recently the LHCb collaboration reported a 3.5! evi-
dence for a non-zero value of the di! erence between the
time-integrated CP asymmetries in the decaysD 0 !
K + K ! and D 0 ! " + " ! [1],

" aCP " aK + K ! # a! + ! ! = # (0.82± 0.21± 0.11)%. (1)

The time-integrated CP asymmetry for a Þnal CP eigen-
state, f , is deÞned as

af "
#(D 0 ! f ) # #( øD 0 ! f )
#(D 0 ! f ) + #( øD 0 ! f )

. (2)

Combined with previous measurements of these CP
asymmetries [2Ð5], the world average is

" aCP = # (0.65± 0.18)%. (3)

Following [6] we write the singly-Cabibbo-suppressed
D 0 ( øD 0) decay amplitudesAf ( øAf ) to CP eigenstates,f ,
as

Af = AT
f ei " T

f
!
1 + r f ei (#f + " f ) " , (4a)

øAf = #CP AT
f e! i " T

f
!
1 + r f ei (#f ! " f ) " , (4b)

where#CP = ± 1 is the CP eigenvalue off , the dominant
singly-Cabibbo-suppressed ÒtreeÓ amplitude is denoted
AT

f e± i " T
f , and r f parameterizes the relative magnitude

of all the subleading amplitudes (often called ÒpenguinÓ
amplitudes), which have di! erent strong ($f ) and weak
(%f ) phases.

In the following we focus on the" + " ! and K + K ! Þ-
nal states. In general,af can be written as a sum of CP
asymmetries in decay, mixing, and interference between
decay with and without mixing. Mixing e ! ects are sup-
pressed by theD 0 # øD 0 mixing parameters, and, being
universal, tend to cancel in the di! erence betweenK + K !

and " + " ! Þnal states [6]. Taking into account the di ! er-
ent time-dependence of the acceptances in the two modes,
LHCb quotes [1] for the interpretation of Eq. ( 1),

aK + K ! # a! + ! ! $ adir
K # adir

! + (0 .10± 0.01)aind . (5)

Thus, because of the experimental constraints on the
mixing parameters [see Eq. (18)], a large " aCP can be
generated only by the direct CP violating terms,

adir
f = #

2r f sin$f sin%f

1 + 2r f cos$f cos%f + r 2
f

, (6)

and we use thef = K, " shorthand for K + K ! and " + " ! .

II. GENERAL CONSIDERATIONS AND SM
PREDICTION

Independent of the underlying physics, a necessary
condition for non-vanishing adir

f is to have at least two
amplitudes with di ! erent strong and weak phases con-
tribute to the Þnal state f . In the isospin symmetry limit,
the condition on the strong phases implies that di! erent
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) e! ective Hamiltonian, deÞned below, have
both " I = 1 / 2 and " I = 3 / 2 components, the sublead-
ing operators with a di! erent weak phase may have a
single isospin component. As far as amplitudes with a
di! erent weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
&" |VcbVub|/ |VcsVus | $ 0.0007.

The SM e! ective weak Hamiltonian relevant for
hadronic singly-Cabibbo-suppressedD decays, renormal-
ized at a scalemc < µ < m b can be decomposed as

H e!
|" c|=1 = ' d H d

|" c|=1 + ' s H s
|" c|=1 + ' b H peng

|" c|=1 , (7)

where ' q = V "
cqVuq , and

H q
|" c|=1 =

GF%
2

#

i =1 ,2

Cq
i Qs

i + H .c. , q = s, d,

Qq
1 = (øuq)V ! A (øqc)V ! A ,

Qq
2 = (øu$ q%)V ! A (øq%c$ )V ! A , (8)

and ( , ) are color indices. The Þrst two terms in Eq. (7)
haveO(1) Wilson coe$ cients in the SM. On the contrary,
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smaller in the ! + ! ! than in the K + K ! mode. There-
fore, it will be very interesting for the interpretation of
the results when the CP asymmetries are measured sep-
arately with increased precision. Recent measurements
by CDF [2], Belle [3] and BaBar [4] yield for the average
of the individual CP asymmetries (without LHCb, and
dominated by CDF [2]) in the ! + ! ! and K + K ! modes
(2.0± 2.2)! 10! 3 and (" 2.3± 1.7)! 10! 3 [5], respectively,
which does not yet allow us to draw deÞnite conclusions
[and are included in Eq. (3)]. Another important experi-
mental handle to decide whether the observed signal can
or cannot be accommodated in the SM would be observ-
ing or constraining CP violation in other decay modes,
corresponding to the same quark-level transitions. These
include pseudoscalar-vector or vector-vector Þnal states,
three-body decays,Ds and ! c decays. More precise mea-
surements in such decays will help to decide whether the
measured CP asymmetry in Eq. (1) is due to new short
distance physics, or to a large enhancement of a hadronic
matrix element in one particular channel.

III. NEW PHYSICS CONTRIBUTIONS

The size of NP e" ects allowed in # aCP depends on
Im( # RSM ). In order to understand the scale probed by
the measurement, we parametrize the NP contributions
in terms of an e" ective NP scale! NDA , normalized to the
Fermi scale: Im(CNP

i ) =
#

2 Im(CNDA )/ (! 2
NDA GF ). The

resulting sensitivity for ! NDA (CNDA ) can be written as

Im( CNDA )
(10 TeV)2

! 2
NDA

=
(0.61± 0.17) " 0.12 Im(# RSM )

Im( # RNP )
.

(13)
In other words, assuming Im(# RNP ) $ 1, |# RSM | % 5
and CNDA = 1 implies that a NP scale of O(13 TeV) will
saturate the observed CP violation; alternatively, setting
! NDA & 21/ 4/

#
GF implies that CNDA $ 7 ! 10! 4 is

required. As we discuss below, despite the large scale
involved, after taking into account the bounds from CP
violation in |# c| = 2 and |# s| = 1 processes, only a few
NP operators may saturate the value in Eq. (13) in the
limit |# RSM | % 5.

To discuss possible NP e" ects, we consider the follow-
ing e" ective Hamiltonian

H e! ! NP
|" c|=1 =

GF#
2

!

i =1 ,2,5,6

!

q

(Cq
i Qq

i + Cq"
i Qq"

i )

+
GF#

2

!

i =7 ,8

(Ci Qi + C"
i Q

"
i ) + H .c. , (14)

whereq = { d, s, b, u, c} , and the list of operators includes,

in addition to Qq
1,2 given in Eq. (8),

Qq
5 = (øuc)V ! A (øqq)V + A ,

Qq
6 = (øu! c" )V ! A (øq" q! )V + A ,

Q7 = "
e

8! 2 mc øu" µ#(1 + #5)F µ# c ,

Q8 = "
gs

8! 2 mc øu" µ#(1 + #5)TaGµ#
a c , (15)

and another set, Q(q)"
i , obtained from Q(q)

i via the re-
placementsA ' " A and #5 ' " #5. This is the most
general dimension-six e" ective Hamiltonian relevant for
D & K + K ! , ! + ! ! decays, after integrating out heavy
degrees of freedom around or above the electroweak scale.

A. Bounds on NP e ! ects from D 0 ! øD 0 mixing

Charm mixing arises from |# c| = 2 interactions that
generate o" -diagonal terms in the mass matrix for D 0

and øD 0 mesons. TheD 0 " øD 0 transition amplitudes are
deÞned as

(D 0| H | øD 0) = M 12 "
i
2

$12 . (16)

The three physical quantities related to the mixing can
be deÞned as

y12 *
|$12|

$
, x12 * 2

|M 12|
$

, $12 * arg
"

M 12

$12

#
.

(17)
HFAG has performed a Þt to these theoretical quantities,
even allowing for CP violation in decays, and obtained
the following 95% C.L. regions [5]

x12 + [0.25, 0.99] %,

y12 + [0.59, 0.99] %,

$12 + [" 7.1#, 15.8#] . (18)

We cannot reliably estimate the SM contributions to
these quantities from Þrst principles, and thus simply re-
quire the NP contributions to at most saturate the above
experimental bounds onx12, y12, and $12.

The NP operators present inH e! ! NP
|" c|=1 may a" ect D 0Ð

øD 0 mixing parameters at the second order in the NP
coupling, T

$
H e! ! NP

|" c|=1 (x) H e! ! NP
|" c|=1 (0)

%
. Such a contribu-

tion, which formally corresponds to a quadratically di-
vergent one loop diagram, is highly UV sensitive. If we
assume a fully general structure for our e" ective theory,
where operators are of NDA strength, then the scaling
in Eq. (13) would imply much too large contributions to
D " øD mixing and CP violation (see, e.g., [11]). This
could be a major constraint for many SM extensions.
However, being a genuine UV e" ect, it is also highly
model dependent. On the other hand, assuming that
H e! ! NP

|" c|=1 is generated above the electroweak scale and the
UV completion of the theory cures the above mentioned
problem, we can derive (model-independent) bounds on

3

smaller in the ! + ! ! than in the K + K ! mode. There-
fore, it will be very interesting for the interpretation of
the results when the CP asymmetries are measured sep-
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mental handle to decide whether the observed signal can
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saturate the observed CP violation; alternatively, setting
! NDA & 21/ 4/

#
GF implies that CNDA $ 7 ! 10! 4 is

required. As we discuss below, despite the large scale
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i , obtained from Q(q)

i via the re-
placementsA ' " A and #5 ' " #5. This is the most
general dimension-six e" ective Hamiltonian relevant for
D & K + K ! , ! + ! ! decays, after integrating out heavy
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Charm mixing arises from |# c| = 2 interactions that
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deÞned as
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HFAG has performed a Þt to these theoretical quantities,
even allowing for CP violation in decays, and obtained
the following 95% C.L. regions [5]

x12 + [0.25, 0.99] %,
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We cannot reliably estimate the SM contributions to
these quantities from Þrst principles, and thus simply re-
quire the NP contributions to at most saturate the above
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tion, which formally corresponds to a quadratically di-
vergent one loop diagram, is highly UV sensitive. If we
assume a fully general structure for our e" ective theory,
where operators are of NDA strength, then the scaling
in Eq. (13) would imply much too large contributions to
D " øD mixing and CP violation (see, e.g., [11]). This
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¥ CPV in SM purely &I=1/2                                                             
<z No CPV expected in pure &I=3/2 decays 

¥ CPV asymmetry isospin sum rules, example: 

<z would indicate &I=3/2 CPV NP
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Note that the CP asymmetry is proportional to the ! I =
3/ 2 NP coe" cient a3.

Let us comment on the isospin breaking e#ects that
have been ignored in the decomposition of (8). The
isospin breaking due to theu, d quark masses and due to
the electromagnetic interactions can be safely neglected
since they are CP conserving. Thus, they only modify
A CP (D + ! ! + ! 0) at second order in small parameters.
While A CP (D + ! ! + ! 0) " O(r NP

f ), the e#ect of isospin

breaking is O("I r NP,EW P
f ), where "I is the typical size of

isospin breaking. It is of order 1% and may be enhanced
by at most a factor of a few. Similarly the electroweak
penguins can be neglected due to the small sizes of their
Wilson coe" cients. Thus, we conclude that a measured
nonzero CP asymmetry inD + ! ! + ! 0 would be a signal
for ! I = 3 / 2 NP.

Note that if a direct CP asymmetry is not found in
D + ! ! + ! 0, this does not mean that ! A CP cannot be
due to a new ! I = 3 / 2 amplitude. It is possible, for
instance, that the strong phase di#erence#a

3 between the
NP and SM ! I = 3 / 2 amplitudes is simply smaller than
the strong phase di#erence between the! I = 3 / 2 and
! I = 1 / 2 amplitudes.

We therefore devise two more tests for the presence of
new CP violating phases in the! I = 3 / 2 operators. The
Þrst involves the sum of rate di#erences

|A! + ! ! |2 # | øA! ! ! + |2 + |A! 0 ! 0 |2 # | øA! 0 ! 0 |2

#
2
3

!
|A! + ! 0 |2 # | øA! ! ! 0 |2

"
= 3

!
|A 1|2 # | øA 1|2

"
.

(11)

The important point is that this sum only depends on
the ! I = 1 / 2 amplitudes. Thus, if the sum is found to
be nonzero this means that there are! I = 1 / 2 contribu-
tions to the CP asymmetries. They could be due to NP or
they could be due to the SM. However, if the sum (11) is
found to be zero, while the individual rate di#erences are
nonzero, this would indicate that the CP asymmetries are
likely dominated by ! I = 3 / 2 NP contributions. This
statement does come with a caveat. It would still be pos-
sible that, whereas the CPV weak phases are only present
in the ! I = 1 / 2 amplitude, the strong phases between
terms in A 1 with di #erent weak phases are small. In this
case,A CP (! + ! ! ), and A CP (! 0! 0) would be nonzero due
to interference of the ! I = 1 / 2 and ! I = 3 / 2 ampli-
tudes.

This possibility can be checked with more data if time
dependent D(t) ! ! + ! ! and D(t) ! ! 0! 0 measure-
ments become available, or if there is additional informa-
tion on relative phases from a charm factory running on
the $ (3770) (for feasibility see, e.g. [23]). It amounts to
measuring the weak phase of the! I = 3 / 2 amplitude
A 3 via generalized triangle constructions that also take
isospin breaking into account. From the isospin decom-
position we have an isospin sum rule

1
$

2
A! + ! ! + A! 0 ! 0 # A! + ! 0 = Abreak , (12)

and a similar sum rule for the CP-conjugate decays. The
amplitude Abreak is due to isospin breaking and is of order
O("I Ai ). It is equal in D ! !! and øD ! !! decays, i.e.,
Abreak = øAbreak , up to very small CP violating correc-
tions which are down by an extra factor of r f <" O(0.01).
One therefore has the following sum rule, valid even in
the presence of isospin breaking,

1
$

2
A! + ! ! + A! 0 ! 0 #

1
$

2
øA! ! ! + # øA! 0 ! 0 =

3
!
A 3 # øA 3

"
= # 6ia3ei " a

3 sin$a
3,

(13)

where in the last stage we use the fact thatA3 carries
a negligible CP violating phase in the SM. Note that
isospin breaking in this relation has canceled (up to cor-
rections quadratic in small parameters). Therefore, if

1
$

2

!
A! + ! ! # øA! ! ! +

"
%= #

!
A! 0 ! 0 # øA! 0 ! 0

"
, (14)

is found, this would mean there is CPV NP in the
! I = 3 / 2 amplitude. The relative phases between the
A! + ! ! and øA! ! ! + amplitudes and between theA! 0 ! 0

and øA! 0 ! 0 amplitudes can be measured in entangled
%(3770) ! D øD decays. In addition, the phase between
the A! + ! ! and øA! ! ! + amplitudes can be obtained from
the time dependent D(t) ! ! + ! ! decay. Similarly, the
phase between theA! 0 ! 0 and øA! 0 ! 0 amplitudes can be
obtained from the time dependent D(t) ! ! 0! 0 decay.
The magnitudes of the amplitudes can be measured in
their respective time integrated decays. We can thus
form an experimental test. If

1
$

2

#
#A! + ! ! # øA! ! ! +

#
#%=

#
#A! 0 ! 0 # øA! 0 ! 0

#
#, (15)

then a ! I = 3 / 2 NP amplitude has been discovered.
While the above formalism has been written down for

D ! !! decays, it applies without changes toD ! &&
decays, but for each polarization amplitude separately.
As long as the polarizations of the& resonances are mea-
sured (or if the longitudinal decay modes dominate, as is
the case inB ! &&decays), the search for! I = 3 / 2 NP
could be easier experimentally inD ! &&decays.

B. D ! !" decays

Another experimentally favorable probe is the isospin
analysis of the D ! ! + ! ! ! 0 Dalitz plot in terms of
the D ! &! decays. The isospin decomposition forD 0

decays is

A#+ ! ! = A 3 + B3 +
1

$
2

A 1 + B1, (16)

A#0 ! 0 = 2 A 3 # B1, (17)

A#! ! + = A 3 # B3 #
1

$
2

A 1 + B1, (18)



Conclusions

¥ Even in absence of deÞnite signals, searches for NP in CPV 
observables remain crucial 

¥ In past, brief episodes of apparent deviations from SM helped 
sharpen the physics case and unveil new powerful observables 

At the same time 

<z Experimental sensitivity in several interesting modes still 

above SM estimates (CPV in D, Bs mixing) 

<z Also important to test CPV in radiative & rare K, B & D decays 

Future prospects:  

<z competitive unitarity constraints from Bs, rare Kaon decays


