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Recent Experimental results on Direct CPV in D Decays

∆aCP = aCP(K +K−)−aCP(π
+

π
−)

∆aCP = (−0.82±0.21±0.11)% (LHCb(2012)),

= (−0.62±0.21±0.10)% (CDF(2012)),

= (−0.87±0.41±0.06)% (Belle(2012)),

= (+0.24±0.62±0.26)% (BaBaR(2008)),

= (−0.34±0.15±0.10)% (LHCb(2013)),

= (+0.49±0.30±0.14)% (LHCb(2013)).

A naive weighted average

∆aCP = (−0.33±0.12)%
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Plan of the talk

1 The description of the CP Violation

2 The non-leptonic decays of D mesons

3 A Simple Model

4 Are the experimental data compatible with the Standard Model?

5 Conclusions

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 3 / 37



Plan of the talk
1 The description of the CP Violation

2 The non-leptonic decays of D mesons

3 A Simple Model

4 Are the experimental data compatible with the Standard Model?

5 Conclusions

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 3 / 37



Plan of the talk
1 The description of the CP Violation

2 The non-leptonic decays of D mesons

3 A Simple Model

4 Are the experimental data compatible with the Standard Model?

5 Conclusions

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 3 / 37



Plan of the talk
1 The description of the CP Violation

2 The non-leptonic decays of D mesons

3 A Simple Model

4 Are the experimental data compatible with the Standard Model?

5 Conclusions

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 3 / 37



Plan of the talk
1 The description of the CP Violation

2 The non-leptonic decays of D mesons

3 A Simple Model

4 Are the experimental data compatible with the Standard Model?

5 Conclusions

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 3 / 37



Plan of the talk
1 The description of the CP Violation

2 The non-leptonic decays of D mesons

3 A Simple Model

4 Are the experimental data compatible with the Standard Model?

5 Conclusions

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 3 / 37



Standard Model and CP Violation
In the SM CP Violation can emerge in the interaction involving charged currents.

ψ1γµ ψ2
CP−→ −ψ2γ

µ
ψ1

ψ1γµ γ5ψ2
CP−→ −ψ2γ

µ
γ5ψ1

Wµ

CP−→ −W †µ

L = gV12 ψ1γµ (1− γ5)ψ2W µ + gV ∗12 ψ2γµ (1− γ5)ψ1W †µ

⇓ ⇓
L CP = gV12 ψ2γ

µ (1− γ5)ψ1W †
µ + gV ∗12 ψ1γ

µ (1− γ5)ψ2Wµ

Di D̄iUj Ūj

Vji V
∗
ji

W
−

CP
−→

W
+
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Neutral Flavoured Mesons

A generic flavoured neutral meson M0 (K 0, D0, B0
d and B0

s ) with non-zero
eigenvalue of flavor F and its antiparticle M̄0 are defined by

F
∣∣M0〉= +

∣∣M0〉 F
∣∣M̄0〉=−

∣∣M̄0〉

Moreover,

CP
∣∣M0〉=

∣∣M̄0〉 CP
∣∣M̄0〉=

∣∣M0〉

Weak interactions don’t conserve flavour quantum numbers and so M0 and M̄0

cannot be physical states.
But, if CP is conserved, the physical states are

M± =
1√
2

[∣∣M0〉±
∣∣M̄0〉] CP |M±〉=±|M±〉
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Neutral Flavoured Mesons:Time Evolution
The exact time evolution of M̄0 and M0 is prohibitively complicated: M0 and M̄0

couple together and can decay into other states.
Starting from initial states which are linear combinations of M̄0 and M0, we can
study the time evolution of the coefficients by considering the weak
interactions as perturbation to the strong ones. At the second order in the
weak interactions and in the subspace M0− M̄0, the effective hamiltonian can
be written as

ı h̄
d
dt
|ψ〉= H |ψ〉

H = M− ı
2
Γ M = M†

Γ = Γ†

Note that
d
dt
〈ψ| ψ〉=−1

h̄
〈ψ|Γ |ψ〉

Moreover,
H = Hstrong + He.m. + Hweak = H∆F=0 + H∆F=1
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Neutral Flavoured Mesons:Time Evolution (1)
A generic state |ψ〉= a(t)

∣∣M0
〉

+ b(t)
∣∣M̄0

〉
satisfy the equation

ıh̄
d
dt
|ψ〉= H |ψ〉

ıh̄
d
dt

(
a(t)
b(t)

)
=
(

M− ı
2
Γ
)( a(t)

b(t)

)

where

(
M− ı

2
Γ
)

=




M11− (ı/2)Γ11 M12− (ı/2)Γ12

M21− (ı/2)Γ21 M22− (ı/2)Γ22




with

Mass matrix elements

M11 = M∗11 = m0 +
〈
M0
∣∣Hw

∣∣M0〉+∑
n

P
| 〈n|Hw

∣∣M0
〉
|2

m0−En

M22 = M∗22 = m0 +
〈
M̄0
∣∣Hw

∣∣M̄0〉+∑
n

P
| 〈n|Hw

∣∣M̄0
〉
|2

m0−En

M12 = M∗21 =
〈
M0
∣∣Hw

∣∣M̄0〉
︸ ︷︷ ︸

=0

+∑
n

P

〈
M0
∣∣Hw |n〉〈n|Hw

∣∣M̄0
〉

m0−En

Decay matrix elements

Γ11 = Γ∗11 = 2π ∑
n

δ(m0−En)| 〈n|Hw
∣∣M0〉 |2

Γ22 = Γ∗22 = 2π ∑
n

δ(m0−En)| 〈n|Hw
∣∣M̄0〉 |2

Γ12 = Γ∗21 = 2π ∑
n

δ(m0−En)×
〈
M0
∣∣Hw |n〉〈n|Hw

∣∣M̄0〉
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〈
M̄0
∣∣Hw

∣∣M̄0〉+∑
n

P
| 〈n|Hw

∣∣M̄0
〉
|2

m0−En

M12 = M∗21 =
〈
M0
∣∣Hw

∣∣M̄0〉
︸ ︷︷ ︸

=0

+∑
n

P

〈
M0
∣∣Hw |n〉〈n|Hw

∣∣M̄0
〉

m0−En

Decay matrix elements

Γ11 = Γ∗11 = 2π ∑
n

δ(m0−En)| 〈n|Hw
∣∣M0〉 |2

Γ22 = Γ∗22 = 2π ∑
n

δ(m0−En)| 〈n|Hw
∣∣M̄0〉 |2

Γ12 = Γ∗21 = 2π ∑
n

δ(m0−En)×
〈
M0
∣∣Hw |n〉〈n|Hw

∣∣M̄0〉
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Neutral Flavoured Mesons:Time Evolution(2)

CPT symmetry

M11 = M22

Γ11 = Γ22

|Ma〉 = p
∣∣M0〉+ q

∣∣M̄0〉

|Mb〉 = p
∣∣M0〉−q

∣∣M̄0〉

q
p

= ±
√

H21

H12
=±

√
M∗12− (ı/2)Γ∗12

M12− (ı/2)Γ12

|Ma,b(t)〉= e−ıλa,b t |Ma,b(0)〉= e−ıma,b te−Γa,b t/2 |Ma,b(0)〉

λa ≡ ma− (ı/2)Γa = H11 +
q
p

H12 = H11 +
√

H12H21

λb ≡ mb− (ı/2)Γb = H11−
q
p

H12 = H11−
√

H12H21

ma,b = M11±ℜ
√

H12H21

Γa,b = Γ11∓2ℑ
√

H12H21
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Widths and Mass Differences

-1ps
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

SK LK

-1ps
-10 -8 -6 -4 -2 0 2 4 6 8 10

1D 2D

-1ps
-3 -2 -1 0 1 2 3

d,LB d,HB

-1ps
-15 -10 -5 0 5 10 15

s,LB s,HB

M.Gersabeck, arXiv:1207.2195 [hep-ex]
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Neutral Flavoured Mesons:Time Evolution(3)
It is very simple to evaluate the time evolution of the flavour eigenstates:

∣∣M0(t)
〉

= f+(t)
∣∣M0〉+

q
p

f−(t)
∣∣M̄0〉

∣∣M̄0(t)
〉

= f+(t)
∣∣M̄0〉+

p
q

f−(t)
∣∣M0〉

where

f±(t) =
1
2

e−ımat e−Γat/2
[
1±e−ı∆mt e−∆Γt/2

]

Probability to find at time t the
same flavour eigenstate which it
had at time t = 0

P[M0(t)→M0] = P[M̄0(t)→ M̄0] = |f+(t)|2

Probability that an initial M0

becomes M̄0 and viceversa

P[M0(t)→ M̄0] =

∣∣∣∣
q
p

∣∣∣∣
2

|f−(t)|2

P[M̄0(t)→M0] =

∣∣∣∣
p
q

∣∣∣∣
2

|f−(t)|2
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Mixing Parameters
P[M0(t)→M0] =

1
2

e−Γ t (cosh(yΓt) + cos(xΓt))

P[M0(t)→ M̄0] =
1
2

∣∣∣∣
q
p

∣∣∣∣
2

e−Γ t (cosh(yΓt)− cos(xΓt))

x ≡ mb−ma

Γ
=

∆m
Γ

y ≡ Γb−Γa

2Γ
=

∆Γ

2Γ

Γ ≡ Γb + Γa

2
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Neutral Flavoured Mesons: Types of CP Violation
CP Violation in the Mixing
This occurs when the physical states do not coincide with CP eigenstates,

|q| 6= |p|

For example if

M0→ f 6← M̄0 or M0 6→ f ← M̄0

As in the case of semileptonic decay modes

M0→ `+ X 6← M̄0 and M0 6→ `−X ← M̄0

Γ(M0(t)→ `−X)−Γ(M̄0(t)→ `+ X)

Γ(M0(t)→ `−X) + Γ(M̄0(t)→ `+ X)
=

1−|p/q|4

1 + |p/q|4

M0 M
0

f

2

6=
M

0 M0

f

2

This kind of CPV is of the indirect type
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Neutral Flavoured Mesons: Types of CP Violation(1)
CP Violation in the Decays (Direct)
This occurs when the decay amplitudes for CP conjugate processes into final
states f and f̄ are different in modulus

|A(i→ f )| 6= |A(̄i→ f̄ )|

In this case ∆m ≈∆Γ≈ 0 and

adir
CP =

Γ(M0→ f )−Γ(M̄0→ f̄ )

Γ(M0→ f ) + Γ(M̄0→ f̄ )

M0

f

2

6=
M̄0

f̄

2

This kind of CPV is the only one is also possible for charged particles, which are forbidden to mix by charge

conservation.
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M0

f

2

6=
M̄0

f̄

2

This kind of CPV is the only one is also possible for charged particles, which are forbidden to mix by charge

conservation.
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Neutral Flavoured Mesons: Types of CP Violation(2)
CPV in the interference of mixing and decays
This occurs when both, M0 and M̄0, decay into the same final state

M0→ f ← M̄0 This is the case of CPf =±f : D0→ KK ,ππ ← D̄0

but not only: for example D0(D0
)→ K−π+

A(M0→ f ) + A(M0→ M̄0)A(M̄0→ f )

M0

f

2

6=

M
0

f

2

+ +

M0 M
0

f
M

0 M0

f

Useful definition

λf =

〈
M̄0
∣∣ Ma〉

〈M0| Ma〉
A(M̄0→ f )

A(M0→ f )
=

q
p

Āf

Af

CP Symmetry implies

λf =
1
λf
⇒ λf = 1

|λf | 6= 1 CPV in mixing or decay

ℑ(λf ) 6= 0 CPV in interf. mixing and decay
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Āf

Af

CP Symmetry implies

λf =
1
λf
⇒ λf = 1

|λf | 6= 1 CPV in mixing or decay

ℑ(λf ) 6= 0 CPV in interf. mixing and decay

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 14 / 37



Neutral Flavoured Mesons: Types of CP Violation(2)
CPV in the interference of mixing and decays
This occurs when both, M0 and M̄0, decay into the same final state

M0→ f ← M̄0 This is the case of CPf =±f : D0→ KK ,ππ ← D̄0

but not only: for example D0(D0
)→ K−π+

A(M0→ f ) + A(M0→ M̄0)A(M̄0→ f )

M0

f

2

6=

M
0

f

2

+ +

M0 M
0

f
M

0 M0

f

Useful definition

λf =

〈
M̄0
∣∣ Ma〉

〈M0| Ma〉
A(M̄0→ f )

A(M0→ f )
=

q
p

Āf
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Āf

Af

CP Symmetry implies

λf =
1
λf
⇒ λf = 1

|λf | 6= 1 CPV in mixing or decay

ℑ(λf ) 6= 0 CPV in interf. mixing and decay

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 14 / 37



Neutral Flavoured Mesons: Types of CP Violation(2)
CPV in the interference of mixing and decays
This occurs when both, M0 and M̄0, decay into the same final state

M0→ f ← M̄0 This is the case of CPf =±f : D0→ KK ,ππ ← D̄0

but not only: for example D0(D0
)→ K−π+

A(M0→ f ) + A(M0→ M̄0)A(M̄0→ f )

M0

f

2

6=

M
0

f

2

+ +

M0 M
0

f
M

0 M0

f

Useful definition

λf =

〈
M̄0
∣∣ Ma〉

〈M0| Ma〉
A(M̄0→ f )

A(M0→ f )
=

q
p

Āf
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∆aCP = aCP(K +K−)−aCP(π+π−)

aCP(h+h−, t) =
Γ(D0(t)→ h+h−)−Γ(D̄0(t)→ h+h−)

Γ(D0(t)→ h+h−) + Γ(D̄0(t)→ h+h−)

x∼y�1≈

Γ(D0→ h+h−)−Γ(D̄0→ h+h−)

Γ(D0→ h+h−) + Γ(D̄0→ h+h−)
+

t
τD

aind
CP

= adir
CP(h+h−) +

t
τD

aind
CP

where t is the proper decay time. The integrated asymmetry

aCP(h+h−) ≈ adir
CP(h+h−) + aind

CP

∫
dt

t
τD

D(t)

= adir
CP(h+h−) + aind

CP
〈t〉
τD

where D(t) is the observed distribution of proper decay time

∆aCP = aCP(K +K−)−aCP(π
+

π
−)≈ adir

CP(K +K−)−adir
CP(π

+
π
−)
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Hadronic two-body Decays of D MesonHadronic two-body decays

V ∗
uq′

ū

u

q̄′

qc

ū

Vcq W

CKM hierarchy leads to two-generation dominance:

|VCKM| =




|Vud | |Vus | |Vub|
|Vcd | |Vcs | |Vcb|
|Vtd | |Vts | |Vtb|


 ≈




1 λ λ3

λ 1 λ2

λ3 λ2 1


 ,where λ ≈ 0.23

Cabibbo-favored (CF) decays: for instance, D0 → K−π+.

Singly Cabibbo-suppressed (SCS) decays:
for instance, D0 → π+π− ,K+K− ,K 0K̄ 0; D+ → π+π0

Doubly Cabibbo-suppressed (DCS) decays: for instance, D0 → K+π−.

Joachim Brod (University of Cincinnati) Charm Theory 5 / 21

CKM hierarchy leads to two-generation dominance (λ ' 0.23)

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


=




1−λ 2/2 λ Aλ 3(ρ− ıη)
−λ 1−λ 2/2 Aλ 2

Aλ 3(1−ρ− ıη) −Aλ 2 1


=

We classify the decay processes into three classes

Cabibbo Favoured (CF): |VcsV ∗ud | ≈ 1 as, for example, D0→ K−π+

Singly Cabibbo Suppressed (SCS): |Vcd V ∗ud | ≈ λ ( D0→ π+π−), |VcsV ∗us| ≈ λ

(D0→ K +K−, D0→ K 0K̄ 0)

Double Cabibbo Suppressed (DCS): |Vcd V ∗us| ≈ λ 2 (D0→ K +π−)
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Weak Effective Hamiltonian
The Effective Field Theory approach allows to build an effective hamiltonian in which
short and long distance contributions are separate.

q′ u

W

c q

q′ u

c q

We have the tree operators
q,q′ ∈ {d ,s}

O2 =
[
q̄α

γ
µ (1− γ5)cα

][
ūβ

γµ (1− γ5)q′
β

]

O1 =
[
ūα

γ
µ (1− γ5)cβ

][
q̄β

γµ (1− γ5)q′α
]

g

q′ u

c q

g

p p

c uW
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ūβ

γµ (1− γ5)q′
β

]

O1 =
[
ūα
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Weak Effective Hamiltonian (1)

The QCD penguins operators

g

p p

c uW

d,s,b

O3 =
[
ūα
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ūα

γ
µ (1− γ5)cα

]
∑

p=u,d ,s

[
p̄β

γµ (1 + γ5)pβ

]

O6 =
[
ūα
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Hadronic Matrix Elements

We have to evaluate

〈f |Hw |D〉=
GF√

2
VV ∗Cj 〈f |Oj |D〉+ ...

The Wilson coefficient can be evaluated perturbatively

The hadronic matrix elements are dominated by non-perturbative QCD

from first principle: Lattice QCD (in the not so near future)
QCD factorization is expected don’t work well, due to the large ΛQCD/mc

corrections

Models of calculations can be useful to estimates order of magnitudes

Factorization & Final state Interactions
Flavour symmetries (SU(3)F , isospin, U-spin, etc. )
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Factorization: A Simple Model to Evaluate Matrix Elements
The idea (due to Feynman) is

〈M1 M2|Jµ J ′µ |D〉 ≈ 〈M1|Jµ |D〉〈M2|J ′µ |0〉

Color allowed external W
emission tree amplitude: T→

(!) " (#) $

(%) &, &!
EW (() ), &EW

* *

*

+

*

+
+

Color suppressed internal W
emission tree amplitude: C→

(!) " (#) $

(%) &, &!
EW (() ), &EW

* *

*

+

*

+
+

QCD Penguin amplitude: P→

(!) " (#) $

(%) &, &!
EW (() ), &EW

* *

*

+

*

+
+
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Factorization: Simple Model to Evaluate Matrix Elements (1)

〈M1 M2|JµJ ′µ |D〉 ≈ ...+ 〈0|Jµ |D〉〈M1M2|J ′µ |0〉

W−Exchange amplitude
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Analysis of two-body decays of charm mesons using the quark-diagram scheme

Ling-Lie Chau
Physics Department, University of California at Davis, Davis, Califor nia 95616

Hai- Yang Cheng
Physics Department, Indiana University, B1oomington, Indiana 47405

(Received 24 November 1986)

Two-body decays of charm mesons are analyzed in the quark-diagram scheme. Effects of SU(3)
breaking and final-state interactions are included in the formulation. Various theoretical models are
reviewed and tested. In this scheme, the experimental observation of D ~K P gives a clear signal
of the 8'-exchange diagram. The difference in the lifetimes of D+, D, and F+ is studied in terms
of two-body decays.

I. INTRODUCTION

In this paper we analyze the experimental results for ex-
clusive two-body decays of charmed mesons using the
model-independent quark-diagram scheme. We show that
the recent measurements of two-body exclusive decays of
charm mesons D+, D, and F+ from the Mark III, '

CLEO, ARGUS, HRS, and TASSO Collaborations,
incorporating lifetime measurements, can allow us to
determine the magnitudes and even the signs of some of
the quark-diagram amplitudes for P, ~VP decays.
(Here, P, represents D+,D,F+; V is a vector meson; and
P is a pseudoscalar meson. ) For P, ~PP, we can also
derive relations among various quark-diagram amplitudes.
Using these experimentally determined quark amplitudes,
we are able to make predictions for other charm-decay
channels and test various theoretical models.

This paper is organized as follows. The quark-diagram
scheme is presented in Sec. II. In Sec. III we incorporate
the effects of SU(3) breaking and final-state interactions.
In Sec. IV the status of the quark mixing matrix is briefly
reviewed and its implications on charm-decay amplitudes
is discussed. In Sec. V we analyze the experimental data
of two-body decays of charmed mesons. Section VI is de-
voted to the discussions of various theoretical models and
their tests. It is shown that the reaction D ~K P is a
clear signal of 8 exchange. The difference in the life-
times of D+, D, and F+ is studied in Sec. VII within
two-body decays. Section VIII contains our conclusions.
Some of the results in this paper have been reported by us
in Refs. 6—8.

II. THE QUARK-DIAGRAM SCHEME

It has been established ' that all weak decays of meson
states can be classified according to six quark diagrams
(see Figs. 1 and 2), the external W-emission diagram (a),
the internal W-emission diagram (b), the W'-exchange dia-
gram (c), the W-annihilation diagram (d), the horizontal
W-loop diagram (e), and the vertical W-loop diagram (f).
This classification is independent of the strong-interaction
schemes, and can incorporate any specific strong-
interaction-model calculations. Thus all the strange,
charm, bottom, and top particle decays can be expressed
in terms of these six types of quark diagrams and the
quark mixing matrix. "' These quark-diagram ampli-
tudes and the quark mixing matrix can be determined by
comparing them with nonleptonic-decay experiments.

For the decay of a charmed meson into a pseudoscalar
and a vector meson (PV), there are two different atnpli-
tudes for each quark diagram depending on whether or
not the vector meson comes from the charmed-quark de-
cay. We denote the primed amplitudes for the case that
the vector meson arises from the decay of the c quark. It
is obvious that this convention does not apply to the 8-
annihilation diagram since the final state q&qz comes
from W annihilation. In this case we define d' (d) for the
8'-annihilation amplitude if the vector meson comes from

In the third column of Tables I and II we list quark-
diagram amplitudes for all two-body decays of D+, D,

FIG. 1. The six quark diagrams for inclusive meson decay.
FIG. 2. The six quark diagrams for a meson decaying to two

mesons.
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Factorization: Simple Model to Evaluate Matrix Elements (1)

〈M1 M2|JµJ ′µ |D〉 ≈ ...+ 〈0|Jµ |D〉〈M1M2|J ′µ |0〉

W−Exchange amplitude
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Factorization: Decay Constants and Form Factors
〈Pi (p)|Aµ |0〉 = −i fPi pµ

〈Vi (p,λ )|V µ |0〉 = mi fVi ε
∗µ (λ )

〈Pi (pi )|V µ |Pj (pj )〉 =

(
pµ

i + pµ

j −
m2

j −m2
i

q2 qµ

)
f+(q2) +

m2
j −m2

i

q2 qµ f0(q2)

〈Vi (pi )|Aµ |Pj (pj )〉 = i (mj + mi )A1(q2)

(
ε
∗µ − ε∗ ·q

q2 qµ

)
−

−i A2(q2)
ε∗ ·q

mj + mi

(
pµ

i + pµ

j −
m2

j −m2
i

q2 qµ

)
+

+i 2mi A0(q2)
ε∗ ·q

q2 qµ

〈Vi (pi )|V µ |Pj (pj )〉 = 2V (q2)
εµ

νρσ pν
j pρ

i ε∗σ

mj + mi

f+(0) = f0(0)

A0(0) =
mi + mj

2mi
A1(0) +

mi −mj

2mi
A2(0)
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Factorization: The D0→ π−π+ Amplitude

Aw(D0→ π
−

π
+) =

−GF√
2

Vud V ∗cd ×
[

(C2 + ξ C1)
〈
π
−∣∣ d̄γµ c

∣∣D0〉 〈
π

+
∣∣ ūγ

µ
γ5d |0〉

]

+
GF√

2
Vub V ∗cb ×

[
(C4 + ξ C3)

〈
π
−∣∣ d̄γµ c

∣∣D0〉 〈
π

+
∣∣ ūγ

µ
γ5d |0〉

−2(C6 + ξ C5)
〈
π
−

π
+
∣∣ ūu |0〉 〈0| ūγ5c

∣∣D0〉

+2(C6 + ξ C5)
〈
π
−∣∣ d̄c

∣∣D0〉 〈
π

+
∣∣ ūγ5d |0〉

]

〈0| ūγ5c
∣∣D0〉 = −ı

fD m2
D

mu + mc

〈
π

+
∣∣ ūγ5d |0〉 =

fπ m2
π

mu + md

ξ =
1

Nc
→ 0
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Final State Interaction Effects
These long-distance effects are dominated by resonances with the correct quantum numbers and masses
very near the one of charmed mesons.

D0

u u

c s
s

uK+

K−

π+

π−

d

D0

K+

K−

S

π+

π−

for the PP final state a scalar octet, Sc with JP = 0+

g888 dabc Pa Pb Sc

for a PV final state 0− P̃ resonance
fabc (∂µ P̃a)V µ

b Pc

sinδ8 exp(iδ8) =
Γ(P̃)

2(mP̃ −mD)− i Γ(P̃)
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Results

This kind of approach gives:

a quite good agreement with the experimental data (at that time) on the
branching ratios;

Direct CP violation effects of the order of 10−3.

In particular

∆aCP = adir
CP(K +K−)−adir

CP(π
+

π
−)' 0.11×10−3

Buccella, Lusignoli, Miele, Pugliese, P.S., Phys. Rev. D51 (1995) 3478

Now the question is:

Is a CP violation as large as the first experimental results a sign of new physics
or not?
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Singly Cabibbo Suppressed D Decays
In the limit of SU(3) flavour symmetry

A(D0→ K + K−) =−A(D0→ π
+

π
−) ⇒

adir
CP(K + K−) =−adir

CP(π
+

π
−)

Thus Br(D0→ π+π−) should be larger than Br(D0→ K +K−) (Phase space
differences)
Experimentally

Br(D0→ π
+

π
−) = (1.401±0.027)×10−3

Br(D0→ K +K−) = (3.96±0.08)×10−3

Combining data from Babar, Belle and LHCb Franco, Mishima and Silvestrini
(JHEP 1205 (2012) 140) found

adir
CP(π

+
π
−) = (0.45±0.26)%

adir
CP(K + K−) = (−0.21±0.24)%

Large SU(3) Violation
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A Simple Model to Evaluate SCS D Decays

We assume that SU(3)F breaking effects are due to FSI

We evaluate bare amplitudes using SU(3)F symmetry (less model
dependence than in factorization)

Buccella, Lusignoli, Pugliese, P.S., arXiv:1305.7343 [hep-ph]

The D0 is a U-spin singlet

The effective Hamiltonian

Hw = H∆U=1 + H∆U=0 = sinθC cosθC︸ ︷︷ ︸
∼λ

H̃∆U=1 + Vub V ∗cb︸ ︷︷ ︸
∼λ 3·λ 2

H̃∆U=0

H∆U=1 =
GF

2
√

2
(Vus V ∗cs−Vud V ∗cd )[C1(Os

1−Od
1 ) + C2(Os

2−Od
2 )]

' GF√
2

sinθC cosθC[C1(Os
1−Od

1 ) + C2(Os
2−Od

2 )].
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A Simple Model to Evaluate Cabibbo Suppressed D Decays

There are only two independent combinations of S-wave states having U=1

H∆U=1
∣∣D0〉= a |v1〉+ b |v2〉

where

|v1〉 =
1
2

{
|K + K− >+|K−K + >−|π+

π
− >−|π−π

+ >
}

|v2〉 =

√
3

2
√

2

{
|π0

π
0 >−|η8 η8 >−

1√
3

(
|π0

η8 >+|η8 π
0 >
)}

A(D0→ K +K−) =
〈
K +K−

∣∣H∆U=1
∣∣D0〉= a

〈
K +K−

∣∣ v1〉+ b
〈
K +K−

∣∣ v2〉

A(D0→ π
+

π
−) =

〈
π

+
π
−∣∣H∆U=1

∣∣D0〉= a
〈
π

+
π
−∣∣ v1〉+ b

〈
π

+
π
−∣∣ v2〉
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A Simple Model to Evaluate SCS D Decays (1)
More interestingly the two independent combinations of S-wave states having U=1
can be written in terms of two representations of SU(3)

|8,U = 1〉=

√
3

2
√

5

{
|K +K− >+|K−K + >−|π+

π
− >−|π−π

+ >

−
[
|π0

π
0 >−|η8η8 >−

1√
3

(|π0
η8 >+|η8π

0 >)

]}
,

|27,U = 1〉=
1√
10

{
|K +K− >+|K−K + >−|π+

π
− >−|π−π

+ >

+
3
2

[
|π0

π
0 >−|η8η8 >−

1√
3

(|π0
η8 >+|η8π

0 >)

]}
.

〈8,U = 1|H∆U=1
∣∣D0〉

∝ T − 2
3

C

〈27,U = 1|H∆U=1
∣∣D0〉

∝ T + C

A(D0→ K +K−) = α

(
T − 2

3
C

)
+ β (T + C)

A(D0→ π
+

π
−) = γ

(
T − 2

3
C

)
+ δ (T + C)
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Final State Interactions in SCS D Decays

The necessary SU(3) breaking is determined by the final state interactions, described
as the effect of resonances in the scattering of the final particles.

In other words, strong phases are generated by the resonances responsible for
rescattering of final states.

Assuming no exotic resonances belonging to the 27 representation, the possible
resonances have SU(3) and isospin quantum numbers (8, I = 1), (8, I = 0) and
(1, I = 0). Moreover, the two states with I = 0 can be mixed, yielding two resonances:

|f0 > = sinφ |8, I = 0>+cosφ |1, I = 0>

|f ′0 > = −cosφ |8, I = 0>+sinφ |1, I = 0>

The mixing angle φ and the strong phases δ0, δ ′0 and δ1 are our model parameters,
together with the two independent weak decay amplitudes
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Final State Interactions in SCS D Decays (1)

A(D0→ π
+

π
−) =

(
T − 2

3
C
){
− 3

10

(
eıδ0 + eıδ ′0

)
+

(
− 3

10
cos(2φ) +

3

4
√

10
sin(2φ)

)(
eıδ ′0 −eıδ0

)}

−
(

T + C
) 2

5
,

A(D0→ K +K−) =
(

T − 2
3

C
){ 3

20

(
eıδ0 + eıδ ′0

)
+

(
3
20

cos(2φ) +
3

4
√

10
sin(2φ)

)(
eıδ ′0 −eıδ0

)

+
3
10

eıδ1

}

+
(

T + C
) 2

5
.

SU(3) limit

sinφ = 1 δ0 = δ1

〈1, I = 0|H∆U=1
∣∣D0〉= 0⇒6 δ ′0

Parameters

C/T = −0.53

φ = 22◦

δ0 = 148◦

δ
′
0 = 53◦

δ1 = 83◦

Results

Γ(D0→ KSKS)

Γ(D0→ K +K−)
= 0.0429 (0.043±0.010)

Γ(D0→ π+π−)

Γ(D0→ K +K−)
= 0.354 (0.354±0.010)

Γ(D0→ π0π0)

Γ(D0→ K +K−)
= 0.202 (0.202±0.013)
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Direct CPV in SCS D Decays

A nonzero direct CP asymmetry is present only when the decay amplitude is

A = A eıδA + B eıδB

the CP conjugate amplitude is

Ā = A∗ eıδA + B∗ eıδB

and the CP asymmetry is:

adir
CP =

|A |2−|Ā |2
|A |2 + |Ā |2 =

2 ℑ(A∗B) sin(δA−δB)

|A|2 + |B|2 + 2 ℜ(A∗B) cos(δA−δB)

What about the amplitude B?
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Direct CPV in SCS D Decays (1)

The amplitude B is provided by

〈f |H∆U=0
∣∣D0〉

where

H∆U=0 =−GF√
2

Vub V ∗cb

{
6

∑
i=3

CiOi

︸ ︷︷ ︸
Penguins

+
1
2

[
C1(Os

1 + Od
1 ) + C2(Os

2 + Od
2 )
]

︸ ︷︷ ︸
Tree (T′, C′)

}

But

|T ′/T |= |C′/C|=
∣∣∣∣

Vub V ∗cb

sinθC cosθC

∣∣∣∣' 10−4

Large CPV can be due only to the Penguin terms
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Direct CPV in SCS D Decays (2)

Neglecting the contribution of the terms containing T ′ and C′

A (K +K−)' T fT (δi ,φ ,C/T ) + P fP(δi ,φ)

and so

adir
CP(K +K−)' 2 T ℑ(P) ℑ(fT f ∗P)

T 2 |fT |2
+ ... = +1.5

ℑ(P)

T

adir
CP(π

+
π
−) = −3.4

ℑ(P)

T

ℑ(P)

T
=
|Vub Vcb|

sinθC cosθC
sinγ

< K + K−| ∑
6
i=3 Ci Qi + 1

2 [C1{Qs
1 + Qd

1 }+ C2{Qs
2 + Qd

2 }] |D0 >

< K + K−|C1(Qs
1−Qd

1 ) + C2(Qs
2−Qd

2 ) |D0 >
= 6.310−4

κ

∆aCP = 3.03 10−3
κ

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 34 / 37



Direct CPV in SCS D Decays (2)

Neglecting the contribution of the terms containing T ′ and C′

A (K +K−)' T fT (δi ,φ ,C/T ) + P fP(δi ,φ)

and so

adir
CP(K +K−)' 2 T ℑ(P) ℑ(fT f ∗P)

T 2 |fT |2
+ ... = +1.5

ℑ(P)

T

adir
CP(π

+
π
−) = −3.4

ℑ(P)

T

ℑ(P)

T
=
|Vub Vcb|

sinθC cosθC
sinγ

< K + K−| ∑
6
i=3 Ci Qi + 1

2 [C1{Qs
1 + Qd

1 }+ C2{Qs
2 + Qd

2 }] |D0 >

< K + K−|C1(Qs
1−Qd

1 ) + C2(Qs
2−Qd

2 ) |D0 >
= 6.310−4

κ

∆aCP = 3.03 10−3
κ

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 34 / 37



Direct CPV in SCS D Decays (2)

Neglecting the contribution of the terms containing T ′ and C′

A (K +K−)' T fT (δi ,φ ,C/T ) + P fP(δi ,φ)

and so

adir
CP(K +K−)' 2 T ℑ(P) ℑ(fT f ∗P)

T 2 |fT |2
+ ... = +1.5

ℑ(P)

T

adir
CP(π

+
π
−) = −3.4

ℑ(P)

T

ℑ(P)

T
=
|Vub Vcb|

sinθC cosθC
sinγ

< K + K−| ∑
6
i=3 Ci Qi + 1

2 [C1{Qs
1 + Qd

1 }+ C2{Qs
2 + Qd

2 }] |D0 >

< K + K−|C1(Qs
1−Qd

1 ) + C2(Qs
2−Qd

2 ) |D0 >
= 6.310−4

κ

∆aCP = 3.03 10−3
κ

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 34 / 37



Direct CPV in SCS D Decays (2)

Neglecting the contribution of the terms containing T ′ and C′

A (K +K−)' T fT (δi ,φ ,C/T ) + P fP(δi ,φ)

and so

adir
CP(K +K−)' 2 T ℑ(P) ℑ(fT f ∗P)

T 2 |fT |2
+ ... = +1.5

ℑ(P)

T

adir
CP(π

+
π
−) = −3.4

ℑ(P)

T

ℑ(P)

T
=
|Vub Vcb|

sinθC cosθC
sinγ

< K + K−| ∑
6
i=3 Ci Qi + 1

2 [C1{Qs
1 + Qd

1 }+ C2{Qs
2 + Qd

2 }] |D0 >

< K + K−|C1(Qs
1−Qd

1 ) + C2(Qs
2−Qd

2 ) |D0 >
= 6.310−4

κ

∆aCP = 3.03 10−3
κ

Pietro Santorelli (Università di Napoli) D decays & CP Violation Physics of Heavy Quarks & Hadrons 34 / 37



Conclusions

We analyzed the Singly-Cabibbo-Suppressed decays of the neutral D mesons in the
framework of a model that ascribes all of the large SU(3) violations to final state
interactions.

The values of the strong phases are in principle suitable to predict consistent CP
violations in the decay amplitudes.

We were able to give an accurate description of decay branching ratios

The experimental situation regarding the CP violating asymmetries is at present rather
confused, but we think anyhow of interest to have shown that large asymmetries can
be obtained, considering the uncertainties of long distance contributions and even
without invoking New Physics.
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