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Roadmap

• Prehistory

• Recent developments

• Prospects
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Prehistoric beliefs

• D decays dominated by long distance 
contributions

• Limited sensitivity to short-distance NP effects

• Unique window to up-type quark FCNCs 
(before large t-samples at LHC)

• CPV effects severely suppressed in SM*

(before ~2012)

*modulo CPV in kaon mixing
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On the other hand



Out of the blue

Indications of O(0.5%) CPV asymmetry in SCS D 
decays prompted a spur of theoretical activity

• Reevaluation of SM effects: not necessarily 
negligible

• Implications for NP models

• Exploration of related (charm decay) observables
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Out of the blue

Indications of O(0.5%) CPV asymmetry in SCS D 
decays prompted a spur of theoretical activity

• Reevaluation of SM effects: not necessarily 
negligible

• Implications for NP models

• Exploration of related (charm decay) observables

...while initial CPV hints subsided...
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CPV in non-leptonic D 
decays

Time integrated CP asymmetries in decays to final CP 
eigenstates

• direct & indirect CPV contributions

• indirect CPV (& systematics) mostly cancel in

• currently the most precise test of CPV in D decays
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CPV in SCS D Decays: Basics

Time integrated CP asymmetries
in decays to final CP eigenstates

D0

D̄0

K+K!

ACP(f ) =
!(D0 " f ) ! !(D̄0 " f )
!(D0 " f ) + !(D̄0 " f )

# Adf +
$t%
!D
A!

contributions from direct CPV and indirect CPV
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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 effective 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 3.5σ evi-
dence for a non-zero value of the difference between the
time-integrated CP asymmetries in the decays D0 →
K+K− and D0 → π+π− [1],

∆aCP ≡ aK+K− −aπ+π− = −(0.82±0.21±0.11)% . (1)

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

af ≡ Γ(D0 → f)− Γ(D̄0 → f)

Γ(D0 → f) + Γ(D̄0 → 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
D0 (D̄0) decay amplitudes Af (Āf ) to CP eigenstates, f ,
as

Af = AT
f eiφ

T
f
�
1 + rf e

i(δf+φf )
�
, (4a)

Āf = ηCP AT
f e−iφT

f
�
1 + rf e

i(δf−φf )
�
, (4b)

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

AT
f e±iφT

f , and rf parameterizes the relative magnitude
of all the subleading amplitudes (often called “penguin”
amplitudes), which have different strong (δf ) and weak
(φf ) phases.

In the following we focus on the π+π− 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 effects are sup-
pressed by the D0 − D̄0 mixing parameters, and, being
universal, tend to cancel in the difference betweenK+K−

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

aK+K− − aπ+π− ≈ adirK − adirπ + (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,

adirf = − 2rf sin δf sinφf

1 + 2rf cos δf cosφf + r2f
, (6)

and we use the f = K,π shorthand forK+K− and π+π−.

II. GENERAL CONSIDERATIONS AND SM

PREDICTION

Independent of the underlying physics, a necessary
condition for non-vanishing adirf is to have at least two
amplitudes with different strong and weak phases con-
tribute to the final state f . In the isospin symmetry limit,
the condition on the strong phases implies that different
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) effective Hamiltonian, defined below, have
both ∆I = 1/2 and ∆I = 3/2 components, the sublead-
ing operators with a different weak phase may have a
single isospin component. As far as amplitudes with a
different weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
ξ ≡ |VcbVub|/|VcsVus| ≈ 0.0007.
The SM effective weak Hamiltonian relevant for

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

Heff
|∆c|=1 = λd Hd

|∆c|=1 + λs Hs
|∆c|=1 + λb Hpeng

|∆c|=1 , (7)

where λq = V ∗
cqVuq, and

Hq
|∆c|=1 =

GF√
2

�

i=1,2

Cq
i Q

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

Qq
1 = (ūq)V−A (q̄c)V−A ,

Qq
2 = (ūαqβ)V−A (q̄βcα)V−A , (8)

and α,β are color indices. The first two terms in Eq. (7)
have O(1) Wilson coefficients 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 effective 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 3.5σ evi-
dence for a non-zero value of the difference between the
time-integrated CP asymmetries in the decays D0 →
K+K− and D0 → π+π− [1],

∆aCP ≡ aK+K− −aπ+π− = −(0.82±0.21±0.11)% . (1)

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

af ≡ Γ(D0 → f)− Γ(D̄0 → f)

Γ(D0 → f) + Γ(D̄0 → 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
D0 (D̄0) decay amplitudes Af (Āf ) to CP eigenstates, f ,
as

Af = AT
f eiφ

T
f
�
1 + rf e

i(δf+φf )
�
, (4a)

Āf = ηCP AT
f e−iφT

f
�
1 + rf e

i(δf−φf )
�
, (4b)

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

AT
f e±iφT

f , and rf parameterizes the relative magnitude
of all the subleading amplitudes (often called “penguin”
amplitudes), which have different strong (δf ) and weak
(φf ) phases.

In the following we focus on the π+π− 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 effects are sup-
pressed by the D0 − D̄0 mixing parameters, and, being
universal, tend to cancel in the difference betweenK+K−

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

aK+K− − aπ+π− ≈ adirK − adirπ + (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,

adirf = − 2rf sin δf sinφf

1 + 2rf cos δf cosφf + r2f
, (6)

and we use the f = K,π shorthand forK+K− and π+π−.

II. GENERAL CONSIDERATIONS AND SM

PREDICTION

Independent of the underlying physics, a necessary
condition for non-vanishing adirf is to have at least two
amplitudes with different strong and weak phases con-
tribute to the final state f . In the isospin symmetry limit,
the condition on the strong phases implies that different
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) effective Hamiltonian, defined below, have
both ∆I = 1/2 and ∆I = 3/2 components, the sublead-
ing operators with a different weak phase may have a
single isospin component. As far as amplitudes with a
different weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
ξ ≡ |VcbVub|/|VcsVus| ≈ 0.0007.
The SM effective weak Hamiltonian relevant for

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

Heff
|∆c|=1 = λd Hd

|∆c|=1 + λs Hs
|∆c|=1 + λb Hpeng

|∆c|=1 , (7)

where λq = V ∗
cqVuq, and

Hq
|∆c|=1 =

GF√
2

�

i=1,2

Cq
i Q

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

Qq
1 = (ūq)V−A (q̄c)V−A ,

Qq
2 = (ūαqβ)V−A (q̄βcα)V−A , (8)

and α,β are color indices. The first two terms in Eq. (7)
have O(1) Wilson coefficients in the SM. On the contrary,
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= (−0.253± 0.104)% HFAG 2014



CPV in non-leptonic D 
decays

• Current sensitivity clearly above naive SM 
expectation

• However comparable with more recent 
estimates

• Testing NP scales up to 10TeV

•
7

∆aSM
CP ∼ αs

π

����
VubV ∗

cb

VudV ∗
cs

���� ∼ 10−4

∆aSM
CP � few × 10−3

Heff �

�

i

Qi

Λ2
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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 effective theory, we list the operators that can give rise

to the measured CP violation and investigate constraints on them from other processes.
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dence for a non-zero value of the difference between the
time-integrated CP asymmetries in the decays D0 →
K+K− and D0 → π+π− [1],
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state, f , is defined as
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Γ(D0 → f) + Γ(D̄0 → 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
D0 (D̄0) decay amplitudes Af (Āf ) to CP eigenstates, f ,
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where ηCP = ±1 is the CP eigenvalue of f , the dominant
singly-Cabibbo-suppressed “tree” amplitude is denoted

AT
f e±iφT

f , and rf parameterizes the relative magnitude
of all the subleading amplitudes (often called “penguin”
amplitudes), which have different strong (δf ) and weak
(φf ) phases.

In the following we focus on the π+π− 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 effects are sup-
pressed by the D0 − D̄0 mixing parameters, and, being
universal, tend to cancel in the difference betweenK+K−

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

aK+K− − aπ+π− ≈ adirK − adirπ + (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,

adirf = − 2rf sin δf sinφf

1 + 2rf cos δf cosφf + r2f
, (6)

and we use the f = K,π shorthand forK+K− and π+π−.

II. GENERAL CONSIDERATIONS AND SM

PREDICTION

Independent of the underlying physics, a necessary
condition for non-vanishing adirf is to have at least two
amplitudes with different strong and weak phases con-
tribute to the final state f . In the isospin symmetry limit,
the condition on the strong phases implies that different
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) effective Hamiltonian, defined below, have
both ∆I = 1/2 and ∆I = 3/2 components, the sublead-
ing operators with a different weak phase may have a
single isospin component. As far as amplitudes with a
different weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
ξ ≡ |VcbVub|/|VcsVus| ≈ 0.0007.
The SM effective weak Hamiltonian relevant for

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

Heff
|∆c|=1 = λd Hd

|∆c|=1 + λs Hs
|∆c|=1 + λb Hpeng

|∆c|=1 , (7)

where λq = V ∗
cqVuq, and

Hq
|∆c|=1 =

GF√
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�

i=1,2

Cq
i Q

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

Qq
1 = (ūq)V−A (q̄c)V−A ,

Qq
2 = (ūαqβ)V−A (q̄βcα)V−A , (8)

and α,β are color indices. The first two terms in Eq. (7)
have O(1) Wilson coefficients in the SM. On the contrary,
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smaller in the π+π− 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 π+π− 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 definite 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 final states,
three-body decays, Ds and Λc 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 effects 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 effective NP scale ΛNDA, normalized to the
Fermi scale: Im(CNP

i ) =
√
2 Im(CNDA)/(Λ2

NDAGF ). The
resulting sensitivity for ΛNDA (CNDA) can be written as

Im(CNDA)
(10 TeV)2

Λ2
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(13TeV) will
saturate the observed CP violation; alternatively, setting
ΛNDA → 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 effects, we consider the follow-
ing effective Hamiltonian

Heff−NP
|∆c|=1 =

GF√
2

�

i=1,2,5,6

�

q

(Cq
i Q

q
i + Cq�

i Qq�
i )

+
GF√
2

�

i=7,8

(CiQi + C �
iQ

�
i) + H.c. , (14)

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

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

Qq
5 = (ūc)V−A (q̄q)V+A ,

Qq
6 = (ūαcβ)V−A (q̄βqα)V+A ,

Q7 = − e

8π2
mc ūσµν(1 + γ5)F

µν c ,

Q8 = − gs
8π2

mc ūσµν(1 + γ5)T
aGµν

a c , (15)

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

i via the re-
placements A ↔ −A and γ5 ↔ −γ5. This is the most
general dimension-six effective Hamiltonian relevant for
D → K+K−, π+π− decays, after integrating out heavy
degrees of freedom around or above the electroweak scale.

A. Bounds on NP effects from D0 − D̄0 mixing

Charm mixing arises from |∆c| = 2 interactions that
generate off-diagonal terms in the mass matrix for D0

and D̄0 mesons. The D0 − D̄0 transition amplitudes are
defined as

�D0|H |D̄0� = M12 −
i

2
Γ12 . (16)

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

y12 ≡ |Γ12|
Γ

, x12 ≡ 2
|M12|
Γ

, φ12 ≡ arg

�
M12

Γ12

�
.

(17)
HFAG has performed a fit 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]% ,

φ12 ∈ [−7.1◦, 15.8◦] . (18)

We cannot reliably estimate the SM contributions to
these quantities from first principles, and thus simply re-
quire the NP contributions to at most saturate the above
experimental bounds on x12, y12, and φ12.
The NP operators present in Heff−NP

|∆c|=1 may affect D0–

D̄0 mixing parameters at the second order in the NP
coupling, T

�
Heff−NP

|∆c|=1 (x)H
eff−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 effective theory,
where operators are of NDA strength, then the scaling
in Eq. (13) would imply much too large contributions to
D − D̄ mixing and CP violation (see, e.g., [11]). This
could be a major constraint for many SM extensions.
However, being a genuine UV effect, it is also highly
model dependent. On the other hand, assuming that
Heff−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
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degrees of freedom around or above the electroweak scale.

A. Bounds on NP effects from D0 − D̄0 mixing

Charm mixing arises from |∆c| = 2 interactions that
generate off-diagonal terms in the mass matrix for D0

and D̄0 mesons. The D0 − D̄0 transition amplitudes are
defined as

�D0|H |D̄0� = M12 −
i

2
Γ12 . (16)

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

y12 ≡ |Γ12|
Γ

, x12 ≡ 2
|M12|
Γ

, φ12 ≡ arg

�
M12

Γ12

�
.

(17)
HFAG has performed a fit 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]% ,

φ12 ∈ [−7.1◦, 15.8◦] . (18)

We cannot reliably estimate the SM contributions to
these quantities from first principles, and thus simply re-
quire the NP contributions to at most saturate the above
experimental bounds on x12, y12, and φ12.
The NP operators present in Heff−NP

|∆c|=1 may affect D0–

D̄0 mixing parameters at the second order in the NP
coupling, T

�
Heff−NP

|∆c|=1 (x)H
eff−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 effective theory,
where operators are of NDA strength, then the scaling
in Eq. (13) would imply much too large contributions to
D − D̄ mixing and CP violation (see, e.g., [11]). This
could be a major constraint for many SM extensions.
However, being a genuine UV effect, it is also highly
model dependent. On the other hand, assuming that
Heff−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

...

Grossman et al., hep-ph/0609178

Brod, Kagan & Zupan 1111.5000 
Brod, Grossman, Kagan & Zupan 1203.6659

Feldmann, Nandi & Soni, 1202.3795 
Bhattacharya, Gronau & Rosner, 1201.2351

...

Isidori, J.F.K, Ligeti & Perez 1111.4987
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CPV in SCS D Decays: Basics

Time integrated CP asymmetries
in decays to final CP eigenstates

D0

D̄0

K+K!

ACP(f ) =
!(D0 " f ) ! !(D̄0 " f )
!(D0 " f ) + !(D̄0 " f )

# Adf +
$t%
!D
A!

contributions from direct CPV and indirect CPV

Wolfgang Altmannshofer (PI) D - D̄ Mixing, Charm CPV and NP September 9 14 / 20

K+π- 

NP in Charm Mixing
Experimentally observable quantities (                              ):

• CPC:

• Cannot be estimated accurately within SM, NP 
contributions are predictable (Lattice QCD)

• CPV:  flavor specific time-dependent CPV decay 
asymmetries [sensitive to q/p]

• In SM can be estimated as [                  ] 
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2Γ
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φ ≡ Arg(q/p)

φSM ∼ Im(VubV ∗
cbVusV ∗

cs)

y
∼ 0.005 Silvestrini @ CKM2014

9

�



NP in Charm Mixing
Experimental Status

! no mixing hypothesis
x = y = 0 is excluded
by! 10!

! HFAG results

x =
!

0.41+0.14
!0.15

"

%

y =
!

0.63+0.07
!0.08

"

%

! no evidence for CPV

! |q/p| = 1 and " = 0 is
consistent with the data

1" |q/p| = 0.07+0.08
!0.09

" = Arg(q/p) = "8.7" +8.7!
!9.1!

|q/p|
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A
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allowing for direct CPV in DCS decays

Wolfgang Altmannshofer (PI) D - D̄ Mixing, Charm CPV and NP September 9 7 / 20
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Model Independent Implications for New Physics

Im(Ci) = 1

Carrasco et al. ’14

(assuming SM contribution is negligible)
the experimental results on CP
violation in D ! D̄ 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 - D̄ Mixing, Charm CPV and NP September 9 9 / 20

Following ref. [10], in deriving the lower bounds on the NP scale Λ, we
assume Li = 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 α2

s or α2
W . The first 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 Λ entailed by loop-mediated contributions, one simply has to
multiply the bounds we quote in the following by αs(Λ) ∼ 0.1 or αW ∼ 0.03.

95% upper limit Lower limit on Λ
(GeV−2) (TeV)

ImCD
1 [−0.9, 2.5] · 10−14 6.3 · 103

ImCD
2 [−2.8, 1.0] · 10−15 1.9 · 104

ImCD
3 [−3.0, 8.6] · 10−14 3.4 · 103

ImCD
4 [−2.7, 8.0] · 10−16 3.5 · 104

ImCD
5 [−0.4, 1.1] · 10−14 9.5 · 103

Table 2: 95% probability intervals for the imaginary part of the Wilson coeffi-
cients, ImCD

i , and the corresponding lower bounds on the NP scale, Λ, for a
generic strongly interacting NP with generic flavor structure (Li = Fi = 1).

Λ
(×

10
3
T
eV

)
CD

5CD
4CD

3CD
2CD

1

40

35

30

25

20

15

10

5

0

Figure 1: Lower bounds on the NP scale as obtained from the constraints
on the imaginary part of the Wilson coefficients, ImCD

i .

The results for the upper bounds on the imaginary part of the Wilson
coefficients, ImCD

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

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

4

Carrasco et al., 1403.7302

Q1 = [c̄aγµ(1− γ5)u
a]
�
c̄bγµ(1− γ5)u

b
�
,

Q2 = [c̄a(1− γ5)u
a]
�
c̄b(1− γ5)u

b
�
,

Q3 =
�
c̄a(1− γ5)u

b
� �

c̄b(1− γ5)u
a
�
,

Q4 = [c̄a(1− γ5)u
a]
�
c̄b(1 + γ5)u

b
�
,

Q5 =
�
c̄a(1− γ5)u

b
� �

c̄b(1 + γ5)u
a
�
,

Current measurements 
probe (CPV) ΔC=2 NP 
scales up to 104 TeV
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CPV in non-leptonic D 
decays

• ΔaCP currently best handle on c-u chromo-
dipoles

• sizable contributions in several NP models 
(including SUSY, composite/warped models)

12

Grossman, Kagan & Nir, hep-ph/0609178
Giudice, Isidori & Paradisi, 1201.6204

Hiller, Hochberg, Nir, 1204.1046

Delaunay, J.F.K., Perez & Randall 1207.0474
Keren-Zur et al., 1205.5803

...



CPV in non-leptonic D 
decays

• ΔaCP currently best handle on c-u chromo-
dipoles

• sizable contributions in several NP models 
(including SUSY, composite/warped models)

• in future use also radiative D decays...

13

Constraints on New Physics
bounds on squark mixing angles
in SUSY models with split families,
assuming stops and gluinos at 1TeV
and mixing of LH squarks CKM like

c u
t̃

g̃

g

|WR
tu | ! 0.2

(neutron EDM gives slightly stronger bounds)

Sala ’13

bounds on squark mixing angles
in SUSY models with split families,

bounds on flavor violating
Higgs couplings

c u
h

t

g

|Im(Y !

utYtc)| ! 4! 10"4

(neutron EDM gives slightly stronger bounds)

Gorbahn, Haisch ’14

Wolfgang Altmannshofer (PI) D - D̄ Mixing, Charm CPV and NP September 9 19 / 20

W. Altmannshofer @ CKM2014

F. Sala, 1312.2589
(comparable to D mixing bounds)

Gorbahn & Haisch, 1404.4873

Harnik, Kopp & Zupan, 1209.1397

http://arXiv.org/abs/arXiv:1209.1397
http://arXiv.org/abs/arXiv:1209.1397
http://arXiv.org/abs/arXiv:1404.4873
http://arXiv.org/abs/arXiv:1404.4873
http://arXiv.org/abs/arXiv:1312.2589
http://arXiv.org/abs/arXiv:1312.2589


CPV in non-leptonic D 
decays

Improving sensitivity to CPV NP beyond ΔaCP : 

• CPV in SM purely ΔI=1/2                           
⇒ No CPV expected in pure ΔI=3/2 decays

• CPV asymmetry isospin sum rules (example:

• ) would indicate ΔI=3/2 CPV NP

14

Grossman, Kagan & Zupan, 1204.3557

3

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 the u, d quark masses and due to
the electromagnetic interactions can be safely neglected
since they are CP conserving. Thus, they only modify
ACP (D+ ! !+!0) at second order in small parameters.
While ACP (D+ ! !+!0) " O(rNP

f ), the e#ect of isospin

breaking is O("Ir
NP,EWP
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 in D+ ! !+!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 !ACP cannot be
due to a new !I = 3/2 amplitude. It is possible, for
instance, that the strong phase di#erence #a3 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
first involves the sum of rate di#erences

|A!+!! |2 # |Ā!!!+ |2 + |A!0!0 |2 # |Ā!0!0 |2

#
2

3

!

|A!+!0 |2 # |Ā!!!0 |2
"

= 3
!

|A1|2 # |Ā1|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 A1 with di#erent weak phases are small. In this
case, ACP (!+!!), and ACP (!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
A3 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("IAi). It is equal in D ! !! and D̄ ! !! decays, i.e.,
Abreak = Ābreak, up to very small CP violating correc-
tions which are down by an extra factor of rf <" 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
Ā!!!+ # Ā!0!0 =

3
!

A3 # Ā3

"

= #6ia3e
i"a3 sin$a

3 ,

(13)

where in the last stage we use the fact that A3 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!+!! # Ā!!!+

"

%= #
!

A!0!0 # Ā!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 Ā!!!+ amplitudes and between the A!0!0

and Ā!0!0 amplitudes can be measured in entangled
%(3770) ! DD̄ decays. In addition, the phase between
the A!+!! and Ā!!!+ amplitudes can be obtained from
the time dependent D(t) ! !+!! decay. Similarly, the
phase between the A!0!0 and Ā!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!+!! # Ā!!!+

#

# %=
#

#A!0!0 # Ā!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 to D ! &&
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 in B ! && decays), the search for !I = 3/2 NP
could be easier experimentally in D ! && 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 for D0

decays is

A#+!! = A3 + B3 +
1$
2
A1 + B1, (16)

A#0!0 = 2A3 # B1, (17)

A#!!+ = A3 # B3 #
1$
2
A1 + B1, (18)



Radiative & rare   
(semi)leptonic decays
• Presence of (chromo)-dipole operators can 

be tested in rare radiative charm decays

• Maximum allowed NP induced rates few 
orders below SM LD contributions

• possibility to access CPV observables

15

Generic Implications for Experiment

• correlations with EDM’s, rare top & down-type quark processes

• NP explanations of !aCP via chromo-magnetic dipole operators

• generically predict EM dipoles - rare radiative charm decays

• possibility to access CPV observables

• NP explanations of !aCP via !I=3/2 contributions

• SM contributions to Af(2) purely !I=1/2

very model dependent
Giudice, Isidori & Paradisi, 1201.6204

Hochberg & Nir, 1112.5268

Altmannshofer et al., 1202.2866

4

are still suppressed by a small overlap between the

wrong chirality KK fermions and the bulk Higgs [19].

Other observables. We now consider additional new

physics contributions from the electromagnetic dipole op-

erators, which can be encoded in

H
EM dipole
|∆c|=1 =

GF√
2
(C7Q7 + C �

7Q
�
7) + h.c. , (9)

with Q7 = −emc ūσµν(1 + γ5)Fµνc , and Q�
7 obtained

from Q7 with γ5 → −γ5. The contributions of such oper-

ators to radiative charm decays can be estimated in the

heavy quark expansion for the charm quark. Moreover in

order to soften the strong parametric dependence on the

charm quark mass, it is beneficial to normalize the radia-

tive rate to the inclusive semileptonic rate Γ(c → se+νe).
Using the known leading order result for the later (see

e.g. [23]) and inputs from [13] we obtain an estimate for

the inclusive radiative branching fraction of D0 → Xγ as

BrD0→Xγ � Γc→uγ

Γc→se+νe

BrexpD0→Xeν � 12

�

i=7,7�

|Ci|
2 ,

(10)

where at leading order Γc→uγ =
e2

π G2
Fm

5
c

�
i=7,7� |Ci|

2
.

In RS, one-loop contributions to Eq. (9) arise not only

from a diagram similar to Fig. (1) but also from an-

other one where the photon is emitted from a charged

Higgs running in the loop [20]. These two diagrams

are expected to yield comparable contributions and we

will simply use the former to derive an estimate for

the above branching ratio in RS. Here again Q7 dom-

inates due to the sizable Cabibbo angle and we find

C7(mKK)
RS � 2

3C8(mKK) , where C8(mKK) is given by

Eq. (7) and the factor 2/3 accounts for the up-type quark

electric charge. Using the values of the above RS param-

eters to accommodate the ∆aCP measurement we obtain

from Eq. (10)

BrRS
D0→Xγ � 4× 10

−8 , (11)

which is still three orders of magnitude smaller than the

estimates of long distance dominated SM contributions

to these decays [24]. The present experimental bounds on

the two dominant exclusive modes BrD0→ρ(ω)γ < 2.4 ×
10

−4
[13] are an order of magnitude above long distance

estimates. Compared to c → uγ, contributions to the

rare semileptonic modes (like D → π(ρ)�+�− ) due to

Q(�)
7 are parametrically suppressed by a factor of the fine-

structure constant α. At leading order in inverse mc

dΓc→ue+e−

dŝ
=

αβe

24π
(3−β2

e )(1−ŝ)2
�
1 +

2

ŝ

�
Γc→uγ , (12)

where ŝ = (pe− + pe+)
2/m2

c , βe =

�
1− 4m̂e/ŝ and

m̂e = me/mc . Integrating over ŝ ∈ [4m̂2
e, 1] we obtain

compositeelementary

!q, u, d
∆q,u,d

Q±, U±, D±

Y HQ̄+u+

FIG. 2: An illustration of the two site model given in Eq. (14),
notice that the ”wrong” chirality Yukawa term is absent.

BrD0→Xe+e− � 0.7αBrD0→Xγ . Following Eq. (11), the

RS contribution to the above branching fraction is

BrRS
D0→Xe+e− � 2× 10

−10 . (13)

While the present bounds on the dominant exclusive

channels are BrD0→ρ0e+e− < 10
−4

[13], the long distance

contributions again dominate in the SM and are esti-

mated to yield for example BrSMD0→ρ0e+e− ∼ 10
−6

[25],

which is orders of magnitude larger than our RS short

distance estimate. We further note that O(�)
7 operators

do not contribute to purely leptonic D0 → �+�− since

the relevant hadronic matrix elements vanish by angular

momentum conservation. We conclude that within our

warped setup there is no implication of the observed

direct CPV in charm decays on other radiative D decays.

Comparison with generic composite mod-

els. We shall now show how the suppression found in

the RS framework can be also naturally realized in com-

posite Higgs models. In these models the SM Higgs arises

as a bound state of some strong dynamics confining near

the TeV scale [? ]. The minimal realization of this class

of models, the so-called two-site model [? ], is composed

of an elementary sector and a composite sector. The

two mix linearly, realizing the idea of partial composite-

ness [26], as illustrated in Fig. 2. In order to derive simple

estimates, the strong sector can be characterized by only

two parameters: an inter-composite coupling constant gρ
and the mass mρ of the strong sector resonances. The

part of the two-site Lagrangian relevant to our argument

is

L2site ⊃ −mQ
ρ Q̄+Q− −mU

ρ Ū+U− − Y Q̄+HU+ + h.c.

+∆q q̄Q− +∆uūU− + h.c. , (14)

where the first line belongs to the strong sector and the

second line represents the linear mixing of the elemen-

tary fermions q, u with and Q± and U± composite ones.

Notice that although allowed by the strong sector sym-

metries a term like Y−Q̄−HU− can be set to zero as it is

not required to generate the SM quark masses (see e.g.
Ref. [27]). We first study the Y− = 0 case in order to

match to the RS scenario where the Higgs is on the IR

brane. In the limit where Y− = 0 the Lagrangian in

4

are still suppressed by a small overlap between the

wrong chirality KK fermions and the bulk Higgs [19].

Other observables. We now consider additional new

physics contributions from the electromagnetic dipole op-

erators, which can be encoded in
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7 obtained

from Q7 with γ5 → −γ5. The contributions of such oper-

ators to radiative charm decays can be estimated in the

heavy quark expansion for the charm quark. Moreover in

order to soften the strong parametric dependence on the

charm quark mass, it is beneficial to normalize the radia-

tive rate to the inclusive semileptonic rate Γ(c → se+νe).
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e.g. [23]) and inputs from [13] we obtain an estimate for
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In RS, one-loop contributions to Eq. (9) arise not only

from a diagram similar to Fig. (1) but also from an-

other one where the photon is emitted from a charged

Higgs running in the loop [20]. These two diagrams

are expected to yield comparable contributions and we

will simply use the former to derive an estimate for

the above branching ratio in RS. Here again Q7 dom-

inates due to the sizable Cabibbo angle and we find

C7(mKK)
RS � 2

3C8(mKK) , where C8(mKK) is given by

Eq. (7) and the factor 2/3 accounts for the up-type quark

electric charge. Using the values of the above RS param-

eters to accommodate the ∆aCP measurement we obtain

from Eq. (10)

BrRS
D0→Xγ � 4× 10

−8 , (11)

which is still three orders of magnitude smaller than the

estimates of long distance dominated SM contributions

to these decays [24]. The present experimental bounds on

the two dominant exclusive modes BrD0→ρ(ω)γ < 2.4 ×
10

−4
[13] are an order of magnitude above long distance

estimates. Compared to c → uγ, contributions to the

rare semileptonic modes (like D → π(ρ)�+�− ) due to

Q(�)
7 are parametrically suppressed by a factor of the fine-

structure constant α. At leading order in inverse mc

dΓc→ue+e−

dŝ
=

αβe

24π
(3−β2

e )(1−ŝ)2
�
1 +

2

ŝ

�
Γc→uγ , (12)

where ŝ = (pe− + pe+)
2/m2

c , βe =

�
1− 4m̂e/ŝ and

m̂e = me/mc . Integrating over ŝ ∈ [4m̂2
e, 1] we obtain

compositeelementary

!q, u, d
∆q,u,d

Q±, U±, D±

Y HQ̄+u+

FIG. 2: An illustration of the two site model given in Eq. (14),
notice that the ”wrong” chirality Yukawa term is absent.

BrD0→Xe+e− � 0.7αBrD0→Xγ . Following Eq. (11), the

RS contribution to the above branching fraction is

BrRS
D0→Xe+e− � 2× 10

−10 . (13)

While the present bounds on the dominant exclusive

channels are BrD0→ρ0e+e− < 10
−4

[13], the long distance

contributions again dominate in the SM and are esti-

mated to yield for example BrSMD0→ρ0e+e− ∼ 10
−6

[25],

which is orders of magnitude larger than our RS short

distance estimate. We further note that O(�)
7 operators

do not contribute to purely leptonic D0 → �+�− since

the relevant hadronic matrix elements vanish by angular

momentum conservation. We conclude that within our

warped setup there is no implication of the observed

direct CPV in charm decays on other radiative D decays.

Comparison with generic composite mod-

els. We shall now show how the suppression found in

the RS framework can be also naturally realized in com-

posite Higgs models. In these models the SM Higgs arises

as a bound state of some strong dynamics confining near

the TeV scale [? ]. The minimal realization of this class

of models, the so-called two-site model [? ], is composed

of an elementary sector and a composite sector. The

two mix linearly, realizing the idea of partial composite-

ness [26], as illustrated in Fig. 2. In order to derive simple

estimates, the strong sector can be characterized by only

two parameters: an inter-composite coupling constant gρ
and the mass mρ of the strong sector resonances. The

part of the two-site Lagrangian relevant to our argument

is

L2site ⊃ −mQ
ρ Q̄+Q− −mU

ρ Ū+U− − Y Q̄+HU+ + h.c.

+∆q q̄Q− +∆uūU− + h.c. , (14)

where the first line belongs to the strong sector and the

second line represents the linear mixing of the elemen-

tary fermions q, u with and Q± and U± composite ones.

Notice that although allowed by the strong sector sym-

metries a term like Y−Q̄−HU− can be set to zero as it is

not required to generate the SM quark masses (see e.g.
Ref. [27]). We first study the Y− = 0 case in order to

match to the RS scenario where the Higgs is on the IR

brane. In the limit where Y− = 0 the Lagrangian in
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No CPV expected in pure ΔI=3/2 decays
Grossman, Kagan & Zupan, 1204.3557
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Direct CP in           s  "
    close to resonance"

• Linear effect in NP coupling"

• Largest where the two amplitudes are comparable
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|ALD +ASD|2 ≈ |ALD|2 + 2�[ALDA∗
SD]

aCP ∼ Im[ASD]/|ALD|
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Radiative & rare   
(semi)leptonic decays

Strategy: 

• extract magnitude of LD amplitudes from 
the measured rates

• compute the relevant NP matrix elements

• estimate the relative strong phases

CPV asymmetries         of up to few % still 
possible
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3

of T V
(B) [18] typically leads to O(20%) larger values. Con-

sequently we employ the value of T V
(D) with a conservative

uncertainty estimate of

T !
(D) ! T"

(D) ! 0.7± 0.2 , (20)

which leads to

!

!

!
(A!,"

PC,PV)
s.d.

!

!

!
!

0.6(2)" 10!9

mD

!

!

!

!

C7(mc)

0.4" 10!2

!

!

!

!

. (21)

The contribution induced by Q"
7 is obtained with the re-

placement C7 # ±C"
7 in A!,"

PC(PV).

The only D0 # V 0! decays observed so far are the
K# and " modes [19]. The observed rates satisfy to
a good accuracy the relation B(D # K#!)/B(D #
K##0) = B(D # "!)/B(D # "#0), generally ex-
pected by vector meson dominance (VMD). The three
Cabbibo-suppressed D0 # V 0! modes, V 0 = #0,$,",
are expected to have similar rates.1 We can thus esti-
mate the typical size of their long-distance amplitudes
|(AV

PC)
l.d.| $ |(AV

PV)
l.d.| as follows

!

!(AV
PC,PV)

l.d.
!

! =

"

32%

m3
D

#

1%
m2

V

m2
D

$!3
!(D # V !)

2

%1/2

#
5.8(4)" 10!8

mD
for V = " . (22)

In the limit where the strong phases of the amplitudes
have a mild energy dependence, and assuming we can
neglect the weak phase of the long-distance amplitude
(see Sec. V), the direct CP asymmetry, defined in Eq. (1),
can be decomposed as

|aV # | = 2 &weak | sin(""strong)| , (23)

where

&weak =

!

!Im(AV
PC,PV)

s.d.
!

!

!

!

!
(AV

PC,PV)
l.d.

!

!

!

. (24)

As a result, according to Eqs. (21) and (22), in the # and
$ modes the CP violating asymmetries can reach 10%
for maximal strong phases:

|a(!,")# |max = 0.04(1)

!

!

!

!

Im[C7(mc)]

0.4" 10!2

!

!

!

!

"

"
&

10!5

B(D # (#,$)!)

'1/2

! 10% . (25)

1 According to explicit VMD predictions [20] B(D ! !") and
B(D ! #") are very similar, possibly a factor " 2 smaller than
B(D0 ! $"). In the following we assume B(D ! (!,#)") #

10!5.

The case of the " resonance, or better the |K+K!!& fi-
nal state with MKK close to the " peak, is more involved
since the hadronic matrix element (18) vanishes, in the
largemc limit, if V is a pure ss̄ state. However, as we dis-
cuss in more detail in the next section, a non-negligible
CP asymmetry can be expected also in this case for two
main reasons: 1) the matrix element in (18) is not iden-
tically zero even for V = ", both because O(#QCD/mc)
corrections and because of the tiny uū component of ";
2) non-resonant contributions due to (o$-shell) # and $
exchange can also contribute to the |K+K!!& final state.

IV. THE D ! K+K!! CASE

The decay amplitudes for D # P+P!! decays can be
decomposed in full generality as follows

A[D(p) # P+(p+)P
!(p!)!(q, ')] =

%iM(s, () 'µ$%&q
µ'#$p%(p+ % p!)

&

+E(s, () '#µ[q
µ(qp+ % qp!)% qp(p+ % p!)

µ] , (26)

where s = (p+ + p!)2 and ( = (qp+ % qp!). In the limit
where we consider at most electric and magnetic dipole
transitions (or neglecting higher order multipoles), we
can neglect the ( dependence of the form factors. In
this approximation, the di$erential rate as a function of
s = M2

PP can be written as

d!

ds
=

m3
D

32%

#

1%
s

m2
D

$3 '
s!0(s)

%

(

|M(s)|2 + |E(s)|2
)

,

(27)
where !0(s) =

'
s(1 % 4m2

P/s)
3/2/(48%).

If the amplitude is dominated by the exchange of vector
resonances we can decompose M and E as follows

M(s) =
*

V

gVPP AV
PC

s%M2
V % i

'
s!V

, (28)

E(s) =
*

V

gVPP AV
PV

s%M2
V % i

'
s!V

, (29)

where gVPP is the V # PP coupling, defined such that
!(V # PP ) = g2PP!0(M2

V ). It is then easy to check that
in the limit of a single narrow resonance, integrating over
s, we recover !(D # PP!) = !(D # V !)"B(V # PP ).
In order to estimate the maximal direct CP asymmetry

in the D # K+K!! case, with MKK close to the "
peak, we evaluateM(s) and E(s) summing over the three
light vector resonances (V = #,$,") with the following
assumptions:

• In all cases we use the parametric form in Eq. (22)
to estimate the overall magnitude of AV

PC(PV), as-

suming further B(D # (#,$)!) ( 10!5.

• For V = #,$ we assume the weak phase of AV
PC(PV)

is &weak, while for V = " we use r&weak. Here r =

Isidori & Kamenik, 1205.3164
Lyon & Zwicky, 1210.6546(V = ρ,ω,φ)



Radiative & rare   
(semi)leptonic decays
• Case of D→P l+l-

• limited NP rate sensitivity in m(μ+μ-) tails

• using VMD, can probe CPV contributions near 
resonance poles
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O. Kochebina, EPS ’13

For the rate measurements, focus on low or high m2μμ (= q2) 

Short distance effects are overwhelmed in the resonant regions

ALD amplitude include t-channel vector resonances (Φ, ω, ρ)

D → P �+�−

O. Kochebina @ EPS 2013

Generic Implications for Experiment

• correlations with EDM’s, rare top & down-type quark processes

• NP explanations of !aCP via chromo-magnetic dipole operators

• generically predict EM dipoles - rare radiative charm decays

• possibility to access CPV observables

• NP explanations of !aCP via !I=3/2 contributions

• SM contributions to Af(2) purely !I=1/2

very model dependent
Giudice, Isidori & Paradisi, 1201.6204

Hochberg & Nir, 1112.5268

Altmannshofer et al., 1202.2866
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are still suppressed by a small overlap between the

wrong chirality KK fermions and the bulk Higgs [19].

Other observables. We now consider additional new

physics contributions from the electromagnetic dipole op-

erators, which can be encoded in

H
EM dipole
|∆c|=1 =

GF√
2
(C7Q7 + C �

7Q
�
7) + h.c. , (9)

with Q7 = −emc ūσµν(1 + γ5)Fµνc , and Q�
7 obtained

from Q7 with γ5 → −γ5. The contributions of such oper-

ators to radiative charm decays can be estimated in the

heavy quark expansion for the charm quark. Moreover in

order to soften the strong parametric dependence on the

charm quark mass, it is beneficial to normalize the radia-

tive rate to the inclusive semileptonic rate Γ(c → se+νe).
Using the known leading order result for the later (see

e.g. [23]) and inputs from [13] we obtain an estimate for

the inclusive radiative branching fraction of D0 → Xγ as

BrD0→Xγ � Γc→uγ

Γc→se+νe

BrexpD0→Xeν � 12

�

i=7,7�

|Ci|
2 ,

(10)

where at leading order Γc→uγ =
e2

π G2
Fm

5
c

�
i=7,7� |Ci|

2
.

In RS, one-loop contributions to Eq. (9) arise not only

from a diagram similar to Fig. (1) but also from an-

other one where the photon is emitted from a charged

Higgs running in the loop [20]. These two diagrams

are expected to yield comparable contributions and we

will simply use the former to derive an estimate for

the above branching ratio in RS. Here again Q7 dom-

inates due to the sizable Cabibbo angle and we find

C7(mKK)
RS � 2

3C8(mKK) , where C8(mKK) is given by

Eq. (7) and the factor 2/3 accounts for the up-type quark

electric charge. Using the values of the above RS param-

eters to accommodate the ∆aCP measurement we obtain

from Eq. (10)

BrRS
D0→Xγ � 4× 10

−8 , (11)

which is still three orders of magnitude smaller than the

estimates of long distance dominated SM contributions

to these decays [24]. The present experimental bounds on

the two dominant exclusive modes BrD0→ρ(ω)γ < 2.4 ×
10

−4
[13] are an order of magnitude above long distance

estimates. Compared to c → uγ, contributions to the

rare semileptonic modes (like D → π(ρ)�+�− ) due to

Q(�)
7 are parametrically suppressed by a factor of the fine-

structure constant α. At leading order in inverse mc

dΓc→ue+e−

dŝ
=

αβe

24π
(3−β2

e )(1−ŝ)2
�
1 +

2

ŝ

�
Γc→uγ , (12)

where ŝ = (pe− + pe+)
2/m2

c , βe =

�
1− 4m̂e/ŝ and

m̂e = me/mc . Integrating over ŝ ∈ [4m̂2
e, 1] we obtain

compositeelementary

!q, u, d
∆q,u,d

Q±, U±, D±

Y HQ̄+u+

FIG. 2: An illustration of the two site model given in Eq. (14),
notice that the ”wrong” chirality Yukawa term is absent.

BrD0→Xe+e− � 0.7αBrD0→Xγ . Following Eq. (11), the

RS contribution to the above branching fraction is

BrRS
D0→Xe+e− � 2× 10

−10 . (13)

While the present bounds on the dominant exclusive

channels are BrD0→ρ0e+e− < 10
−4

[13], the long distance

contributions again dominate in the SM and are esti-

mated to yield for example BrSMD0→ρ0e+e− ∼ 10
−6

[25],

which is orders of magnitude larger than our RS short

distance estimate. We further note that O(�)
7 operators

do not contribute to purely leptonic D0 → �+�− since

the relevant hadronic matrix elements vanish by angular

momentum conservation. We conclude that within our

warped setup there is no implication of the observed

direct CPV in charm decays on other radiative D decays.

Comparison with generic composite mod-

els. We shall now show how the suppression found in

the RS framework can be also naturally realized in com-

posite Higgs models. In these models the SM Higgs arises

as a bound state of some strong dynamics confining near

the TeV scale [? ]. The minimal realization of this class

of models, the so-called two-site model [? ], is composed

of an elementary sector and a composite sector. The

two mix linearly, realizing the idea of partial composite-

ness [26], as illustrated in Fig. 2. In order to derive simple

estimates, the strong sector can be characterized by only

two parameters: an inter-composite coupling constant gρ
and the mass mρ of the strong sector resonances. The

part of the two-site Lagrangian relevant to our argument

is

L2site ⊃ −mQ
ρ Q̄+Q− −mU

ρ Ū+U− − Y Q̄+HU+ + h.c.

+∆q q̄Q− +∆uūU− + h.c. , (14)

where the first line belongs to the strong sector and the

second line represents the linear mixing of the elemen-

tary fermions q, u with and Q± and U± composite ones.

Notice that although allowed by the strong sector sym-

metries a term like Y−Q̄−HU− can be set to zero as it is

not required to generate the SM quark masses (see e.g.
Ref. [27]). We first study the Y− = 0 case in order to

match to the RS scenario where the Higgs is on the IR

brane. In the limit where Y− = 0 the Lagrangian in

4

are still suppressed by a small overlap between the

wrong chirality KK fermions and the bulk Higgs [19].

Other observables. We now consider additional new

physics contributions from the electromagnetic dipole op-

erators, which can be encoded in

H
EM dipole
|∆c|=1 =

GF√
2
(C7Q7 + C �

7Q
�
7) + h.c. , (9)

with Q7 = −emc ūσµν(1 + γ5)Fµνc , and Q�
7 obtained

from Q7 with γ5 → −γ5. The contributions of such oper-

ators to radiative charm decays can be estimated in the

heavy quark expansion for the charm quark. Moreover in

order to soften the strong parametric dependence on the

charm quark mass, it is beneficial to normalize the radia-

tive rate to the inclusive semileptonic rate Γ(c → se+νe).
Using the known leading order result for the later (see

e.g. [23]) and inputs from [13] we obtain an estimate for

the inclusive radiative branching fraction of D0 → Xγ as

BrD0→Xγ � Γc→uγ

Γc→se+νe

BrexpD0→Xeν � 12
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|Ci|
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(10)

where at leading order Γc→uγ =
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π G2
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In RS, one-loop contributions to Eq. (9) arise not only

from a diagram similar to Fig. (1) but also from an-

other one where the photon is emitted from a charged

Higgs running in the loop [20]. These two diagrams

are expected to yield comparable contributions and we

will simply use the former to derive an estimate for

the above branching ratio in RS. Here again Q7 dom-

inates due to the sizable Cabibbo angle and we find

C7(mKK)
RS � 2

3C8(mKK) , where C8(mKK) is given by

Eq. (7) and the factor 2/3 accounts for the up-type quark

electric charge. Using the values of the above RS param-

eters to accommodate the ∆aCP measurement we obtain

from Eq. (10)

BrRS
D0→Xγ � 4× 10

−8 , (11)

which is still three orders of magnitude smaller than the

estimates of long distance dominated SM contributions

to these decays [24]. The present experimental bounds on

the two dominant exclusive modes BrD0→ρ(ω)γ < 2.4 ×
10

−4
[13] are an order of magnitude above long distance

estimates. Compared to c → uγ, contributions to the

rare semileptonic modes (like D → π(ρ)�+�− ) due to

Q(�)
7 are parametrically suppressed by a factor of the fine-

structure constant α. At leading order in inverse mc

dΓc→ue+e−
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m̂e = me/mc . Integrating over ŝ ∈ [4m̂2
e, 1] we obtain
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FIG. 2: An illustration of the two site model given in Eq. (14),
notice that the ”wrong” chirality Yukawa term is absent.

BrD0→Xe+e− � 0.7αBrD0→Xγ . Following Eq. (11), the

RS contribution to the above branching fraction is

BrRS
D0→Xe+e− � 2× 10

−10 . (13)

While the present bounds on the dominant exclusive

channels are BrD0→ρ0e+e− < 10
−4

[13], the long distance

contributions again dominate in the SM and are esti-

mated to yield for example BrSMD0→ρ0e+e− ∼ 10
−6

[25],

which is orders of magnitude larger than our RS short

distance estimate. We further note that O(�)
7 operators

do not contribute to purely leptonic D0 → �+�− since

the relevant hadronic matrix elements vanish by angular

momentum conservation. We conclude that within our

warped setup there is no implication of the observed

direct CPV in charm decays on other radiative D decays.

Comparison with generic composite mod-

els. We shall now show how the suppression found in

the RS framework can be also naturally realized in com-

posite Higgs models. In these models the SM Higgs arises

as a bound state of some strong dynamics confining near

the TeV scale [? ]. The minimal realization of this class

of models, the so-called two-site model [? ], is composed

of an elementary sector and a composite sector. The

two mix linearly, realizing the idea of partial composite-

ness [26], as illustrated in Fig. 2. In order to derive simple

estimates, the strong sector can be characterized by only

two parameters: an inter-composite coupling constant gρ
and the mass mρ of the strong sector resonances. The

part of the two-site Lagrangian relevant to our argument

is

L2site ⊃ −mQ
ρ Q̄+Q− −mU

ρ Ū+U− − Y Q̄+HU+ + h.c.

+∆q q̄Q− +∆uūU− + h.c. , (14)

where the first line belongs to the strong sector and the

second line represents the linear mixing of the elemen-

tary fermions q, u with and Q± and U± composite ones.

Notice that although allowed by the strong sector sym-

metries a term like Y−Q̄−HU− can be set to zero as it is

not required to generate the SM quark masses (see e.g.
Ref. [27]). We first study the Y− = 0 case in order to

match to the RS scenario where the Higgs is on the IR

brane. In the limit where Y− = 0 the Lagrangian in
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Honorable mentions
Other interesting modes:

• CP asymmetries in other SCS 2-, 3-body decays

• help disentangle SM & NP contributions in event of positive signal

• Rare leptonic decay: D0→μ+μ-

• current LHCb bound ~4 orders of magnitude above SM LD 
estimates

• LNV transitions: D(s)+→π- μ+μ+

• probe of (sub)GeV Majorana neutrinos

• Charged current (semi)leptonic D decays

• tests of CKM unitarity

LHCb, 1304.6365

LHCb, 1305.5059

Hiller, Jung & Schacht, 1211.3734
....



Conclusions
• Even in absence of definite signals, searches for NP in 

rare charm processes remain crucial

• Brief focus on ΔaCP helped sharpen the physics case 
and unveil new powerful observables

• Sensitivity of D mixing observables to (CPV) NP 
FCNCs remains second only to the kaon sector

• ⇒ Experimental sensitivity in several interesting modes 

still well above SM (LD) estimates

At the same time


