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Figure 1: Feynman diagrams for (a) CF and (b) DCS D
0 !
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The key idea of this paper is that D0 decays in |K̄0i via CF and |K0i via DCS decays
(Fig. 1), thus producing a|K0i+ b|K̄0i state, where relative complex phase between a and
b is exactly the sought �. The evolution of the a|K0i + b|K̄0i state to pure |K0i or |K̄0i
(that are fixed at the time of semileptonic K

0 decay by the the lepton sign) provides more
powerful tool to measure a and b as will be shown below.

2 Mixing parameters in D0 � D̄0 system

We briefly remind the basic mixing formalism. Using effective Hamiltonian approach one
could obtain for physical states produced as pure D

0(D̄0) the following evolution equations:
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where � = 1/2(�1+�2). The main problem in x, y determination arises due to contribution
of DCS decay in addition to the mixing to the "wrong sign" final state. While the mixing
contribution can be disentangled from DCS one by D

0 decay time study [10]:
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the measured parameters remain biased, as in the measured time-dependent decay rates x,

y enter as a linear combinations,

x
0 = x cos �K⇡ + y sin �K⇡,

y
0 = y cos �K⇡ � x sin �K⇡, (2.4)
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2AD0→K0π0 + AD0→K−π+ −AD+→K0π+ = 0
ε = mu− md

ΛQCD
∼ 1 %

meson decay modes that furnish the SU(3) irreps. Verifying such sum rules is a generic test of any pic-
ture of charm decays that invokes this pattern of SU(3) breaking. In this paper we compute the SU(3)
sum rules that are valid to O(ε2) in the SU(3) breaking by the s-mass spurion. We further compute
the square amplitude sum rules to this order, which have the added advantage of not depending on
strong phases. We call these rate sum rules, due to their dependence only on decay rates. Particular
attention is given to sum rules which arise from isospin or U-spin. The former are expected to have
parametrically smaller breakings, providing sensitive tests of alternate source of SU(3) breaking. The
latter produce square amplitude sum rules to O(ϵ2), and are therefore easier to verify. Where feasible,
we shall also discuss current experimental verification of these broken SU(3) sum rules, or predictions
arising from them.

This paper is structured as follows. We first briefly recapitulate the construction of the D meson
decay amplitudes in terms of reduced matrix elements using the Wigner-Eckhart theorem, and the
decomposition of the effective Hamiltonian into SU(3) irreps. We then proceed to compute the D →
PP and D → PV amplitudes – P (V ) denotes pseudoscalar (vector) – in terms of their reduced matrix
elements to O(ε2), explicit results being provided in appendices. In doing so, we emphasize that unlike
Refs. [23, 24, 26, 27] we do not assume SU(3) breaking arises only from the lowest SU(3) irreps, nor
do we neglect doubly Cabbibo-suppressed (DCS) amplitudes. From these results, we extract both
amplitude and rate sum rules, valid to O(ε2). We briefly discuss current experimental measurements
of the novel sum rules, and proceed to predict ratio and difference of the direct CP asymmetries for
D → KK∗ and D → πρ under the ∆U = 0 rule [20]. We also show in an appendix how to derive the
zeroth order sum rules without computing the reduced matrix elements explicitly.

2 Framework

2.1 Amplitudes and Notation

We write the in-state D-meson SU(3) triplet and out-state pseudoscalar and vector SU(3) octets and
singlets in the usual tensor coefficient notation
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Hereafter Latin indices are SU(3) tensor indices, while Greek indices label a particular state, so that
for M ∈ {D3, P8, P1, V8, V1}, then (Mα)ij = ∂M i

j/∂Mα is the tensor corresponding to state Mα.
In general, for a Hamiltonian H – presumed to be an SU(3) tensor operator – we are interested

in constructing decay amplitudes of the form

Aµ→αβ ≡
〈

MαNβ

∣

∣H
∣

∣[D3]µ
〉

. (2.2)

– 4 –

4

Правила сумм:

DCS

meson decay modes that furnish the SU(3) irreps. Verifying such sum rules is a generic test of any pic-
ture of charm decays that invokes this pattern of SU(3) breaking. In this paper we compute the SU(3)
sum rules that are valid to O(ε2) in the SU(3) breaking by the s-mass spurion. We further compute
the square amplitude sum rules to this order, which have the added advantage of not depending on
strong phases. We call these rate sum rules, due to their dependence only on decay rates. Particular
attention is given to sum rules which arise from isospin or U-spin. The former are expected to have
parametrically smaller breakings, providing sensitive tests of alternate source of SU(3) breaking. The
latter produce square amplitude sum rules to O(ϵ2), and are therefore easier to verify. Where feasible,
we shall also discuss current experimental verification of these broken SU(3) sum rules, or predictions
arising from them.

This paper is structured as follows. We first briefly recapitulate the construction of the D meson
decay amplitudes in terms of reduced matrix elements using the Wigner-Eckhart theorem, and the
decomposition of the effective Hamiltonian into SU(3) irreps. We then proceed to compute the D →
PP and D → PV amplitudes – P (V ) denotes pseudoscalar (vector) – in terms of their reduced matrix
elements to O(ε2), explicit results being provided in appendices. In doing so, we emphasize that unlike
Refs. [23, 24, 26, 27] we do not assume SU(3) breaking arises only from the lowest SU(3) irreps, nor
do we neglect doubly Cabbibo-suppressed (DCS) amplitudes. From these results, we extract both
amplitude and rate sum rules, valid to O(ε2). We briefly discuss current experimental measurements
of the novel sum rules, and proceed to predict ratio and difference of the direct CP asymmetries for
D → KK∗ and D → πρ under the ∆U = 0 rule [20]. We also show in an appendix how to derive the
zeroth order sum rules without computing the reduced matrix elements explicitly.

2 Framework

2.1 Amplitudes and Notation

We write the in-state D-meson SU(3) triplet and out-state pseudoscalar and vector SU(3) octets and
singlets in the usual tensor coefficient notation

[D3]
i =

⎛

⎝

D0

D+

D+
s

⎞

⎠ , [P1] = η1 , [V1] = φ1 ,

[P8]
i
j =

⎛

⎜

⎜

⎝

1√
2
π0 +

1√
6
η8 π+ K+

π− − 1√
2
π0 +

1√
6
η8 K0

K− K̄0 −
√

2
3η8

⎞

⎟

⎟

⎠

,

[V8]
i
j =

⎛

⎜

⎜

⎝

1√
2
ρ0 +

1√
6
ω8 ρ+ K∗+

ρ− − 1√
2
ρ0 +

1√
6
ω8 K∗0

K∗− K̄∗0 −
√

2
3ω8

⎞

⎟

⎟

⎠

.

(2.1)

Hereafter Latin indices are SU(3) tensor indices, while Greek indices label a particular state, so that
for M ∈ {D3, P8, P1, V8, V1}, then (Mα)ij = ∂M i

j/∂Mα is the tensor corresponding to state Mα.
In general, for a Hamiltonian H – presumed to be an SU(3) tensor operator – we are interested

in constructing decay amplitudes of the form

Aµ→αβ ≡
〈

MαNβ

∣

∣H
∣

∣[D3]µ
〉

. (2.2)

– 4 –

2AD0→K0π0 + AD0→K+π− + 2AD+→K+π0 −AD+→K0π+ = 0

SU(2)

Arg(AD0→K0π0) Arg(AD0→K−π+ )Заменим на            , тогда K−π+ K0π0



ЭВОЛЮЦИЯ КАОНОВ

Лаборатория Физики Высоких Энергий ВШЭ
Лаборатория Тяжелых Кварков и Лептонов ФИАН

without D0 � D
0

transitions are forbidden by statistics [6]. However, this method requires
an unprecedented statics, which hardly can be achieved even at future Super c-⌧ factory.

In this work we propose another approach to measure �K⇡ for a future experiments that
will operate at high luminosity frontier such as Belle-II [7], LHCb [8] and Super c-⌧ factory [9,
10].

Since direct CPV in charm sector is small ⇠ O(10�4), it is fair to assume that

hK0⇡0|H|D0i/hK0
⇡0|H|D0i = hK+⇡�|H|D0i/hK�⇡+|H|D0i (6)

up to the corrections due to color suppression of the DCS decay D0 ! K0⇡0. Also due to
small SU(2) isospin symmetry breaking it could be expected that �K+⇡� ' �K0⇡0 = �K⇡.

III. K
0
EVOLUTION

The time evolution of the K0–K
0

system is described by the Schrödinger equation
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where the M and � matrices are Hermitian, and CPT invariance requires M11 = M22 ⌘ M
and �11 = �22 ⌘ �. The Hamiltonian eigenvalues could be written as following
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where m, m0 are masses and �, �0 are widths of Hamiltonian eigenstates and parameters p,
q which correspond to flavour states admixtures defined by
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following boundary conditions: ✓
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From the equation (7) one can obtain the evolution of K0-mesons produced as a linear

combination (a|K0i + b|K0i)
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where m, � – mass and width of e↵ective Hamiltonian eigenvalue. We define �m = m0�m >
0 and �� = �0 � �. In this manuscript we consider only semileptonic final states and we
denote corresponding decay amplitudes as

Al+ = h⇡�l+⌫|H|K0i, Al� = h⇡+l�⌫|H|K0i (13)
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• Фон из первичной вершины;

• Истинные вторичные вершины;

Малый вклад фазы на малых временах 
жизни K0.

KS вето + eID

misID ~ 1..2%



ОЦЕНКА ПОТЕНЦИАЛЬНОЙ ТОЧНОСТИ 

• Значения сильной фазы в интервале [-180,180];
• 200 псевдоэкспериментов для каждого значения 

сильной фазы;
• Каждый образец данных 100k событий (50аб^-1);
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РЕЗУЛЬТАТЫ ПОДГОНКИ • Результаты подгонки показали, что извлечь 
сильную фазу на полной статистике эксперимента 
Belle II возможно;

• В восстановлении delta отсутствует bias.

Пример для 20deg по 200
псевдоэкспериментам



СРАВНЕНИЕ РЕЗУЛЬТАТОВ

BES III (72x10^6 DD)
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Требование Super Charm-tau 
factory Belle II

Хорошее пространственное 
разрешение, ~100мкм

Большая дрейфовая камера/ Мягкие K0

Хорошее импульсное разрешение,

Работа с D+

σp/p < 0 . 01

✓
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✓

✓

✓

±

✓ −

2AD0→K0π0 + AD0→K−π+ −AD+→K0π+ = 0
2AD0→K0π0 + AD0→K+π− + AD+→K+π0 −AD+→K0π+ = 0
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ψ(3770) → DD :

P.N. Lebedev Physical Institute of the RAS, Moscow, Russia popovve@lebedev.ru

 DD =
1p
2
[|D0

phys(t)i|D̄0
phys(t)i � |D̄0

phys(t)i|D0
phys(t)i] (1)

R(f1, t1, f2, t2) / |Af1 |2|Af2 |2e��(t1+t2)
h1
2
|⇠ + ⇣|2e���/2(t2�t1)+

+
1

2
|⇠ � ⇣|2e��/2(t2�t1) � (|⇠|2 � |⇣|2) cos (�m(t2 � t1)) + 2Im(⇠⇤⇣) sin (�m(t2 � t1))

R(t1, t2) /e��(t1+t2)

" ����
p

q

����
2

+

����
q

p

����
2

r00D r�+
D � 2

q
r00D

q
r�+
D cos (�00 + ��+)

!
+

+

✓
r00D + r�+

D � 2
q
r00D

q
r�+
D cos (�00 � ��+)

◆
(�t)2

2

�
y2 � x2

�
+

+2
q

r00D

✓
p

q
y00 � q

p
r�+
D y0

◆
+ 2
q
r�+
D

✓
q

p
r00D y0 � p

q
y00
◆
,

1

P.N. Lebedev Physical Institute of the RAS, Moscow, Russia popovve@lebedev.ru

 DD =
1p
2
[|D0

phys(t)i|D̄0
phys(t)i � |D̄0

phys(t)i|D0
phys(t)i] (1)

R(f1, t1, f2, t2) / |Af1 |2|Af2 |2e��(t1+t2)
h1
2
|⇠ + ⇣|2e���/2(t2�t1)+

+
1

2
|⇠ � ⇣|2e��/2(t2�t1) � (|⇠|2 � |⇣|2) cos (�m(t2 � t1)) + 2Im(⇠⇤⇣) sin (�m(t2 � t1))

i

R(t1, t2) /e��(t1+t2)

" ����
p

q

����
2

+

����
q

p

����
2

r00D r�+
D � 2

q
r00D

q
r�+
D cos (�00 + ��+)

!
+

+

✓
r00D + r�+

D � 2
q
r00D

q
r�+
D cos (�00 � ��+)

◆
(�t)2

2

�
y2 � x2

�
+

+2
q
r00D

✓
p

q
y00 � q

p
r�+
D y0

◆
+ 2
q
r�+
D

✓
q

p
r00D y0 � p

q
y00
◆

1

ξ = ( p
q )

D
− ( q

p )
D

Af1

Af1

Af2

Af2
ζ =

Af2

Af2
−

Af1

Af1

R(t1, t2) ∝ 2 |AK−π+ |2 |AK0π0 |2 e−Γ(t1+ t2)[(r0 + r+ − 2 r0r+ cos(δ0 − δ+ ))+

+ p
q

2

D

+ q
p

2

D

r0r+ − 2 r0 r+ cos(δ0 + δ+ ) (ΓΔt)2

4 (x2 + y2) + ΓΔtΔ12]
Δ12 = r+ (p

qD
x′� + q

pD
r0y′�) − r0 (p

qD
x′�′� + q

pD
r+y′�′�)13
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• Использование полулептонных распадов К0-мезонов позволяет повысить 

чувствительность к параметрам рождения смеси K0-antiK0;

• Метод частичной реконструкции позволяет с достаточным разрешением восстановить

импульс и время жизни каона в современных экспериментах – Belle II, Super c-tau;

• Статистики Belle II достаточно для того, чтобы промерить сильную фазу в нейтральной 

моде с точностью < 4 deg;

• Дополнительные возможности измерений для Super c-tau.



BACKUP SLIDES
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