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We study the penguin over tree ratio in D → ππ decays. This ratio can serve as a probe for rescattering
effects. Assuming the Standard Model and in the isospin limit, we derive expressions that relate both the
magnitude and the phase of this ratio to direct CP asymmetries and branching fractions. We find that the
current data suggest that rescattering is large. A dedicated experimental analysis with current and future
data will be able to significantly reduce the errors on these determinations, and enable us to check if indeed
there is significant rescattering in D → ππ decays.

DOI: 10.1103/PhysRevD.109.033011

I. INTRODUCTION

After the discovery of charm CP violation through the
measurement of the difference of CP asymmetries of
singly-Cabibbo suppressed (SCS) decays [1], the recent
first evidence of CP violation in a single decay channel,
D0 → πþπ− [2], showed hints for an enhanced ΔU ¼ 1
contribution to the subleading amplitude [3]. These new
developments make searches for charm CP violation in
additional channels particularly interesting in order to
probe the effects of nonperturbative QCD and physics
beyond the Standard Model (BSM) [4].
CP violation in SCS charm decays has been studied for a

long time, especially in the context of U-spin and SUð3ÞF
symmetry [5–18]. SUð3ÞF breaking effects have also been
modeled accounting for final-state interactions [19,20] or in
the context of the factorization-assisted topological-ampli-
tude approach [21,22]. Flavor-symmetry methods have been
applied toDmixing, too, see Refs. [23–25]. Note that in this
case a treatment within the heavy quark expansion is
consistentwith the data due to large theory uncertainties [26].
In this letter, we study CP violation in D → ππ decays.

The decay amplitudes of D → ππ decays can be written as

Af ¼ −λdA
f
d −

λb
2
Af
b; ð1Þ

where f denotes the respective final state and λd;b are the
combinations of Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements

λd ¼ V�
cdVud; λb ¼ V�

cbVub: ð2Þ

Af
d and Af

b are the CKM-leading and -subleading ampli-
tudes, respectively. In the parametrization of decay ampli-
tudes in Eq. (1) we use the convention that Af

d and Af
b

contain strong phases only.
The key quantity we focus on in this letter is the

magnitude of the ratio of CKM-subleading over CKM-
leading amplitudes

rf ≡ jAf
b=A

f
dj: ð3Þ

This ratio is also known as “penguin over tree ratio.” Note
that the short distance contributions to the amplitudes Af

b are
very small due to the very effective GIM suppression and we
neglect them throughout this letter. The CKM-subleading
amplitude Af

b, to which we refer as penguin, thus contains
only the long distance effects, also known as rescattering.
As we explain in more detail below, in the limit of no

final state rescattering rf ¼ 0. Thus, a measurement of rf

can serve as a probe of rescattering effects in D → ππ
decays.
The question of the size of the rescattering is a hint to a

deeper question about QCD: can we treat QCD as perturba-
tive at the charm scale? If it is perturbative, rescattering
should be small, that is rf ≪ 1. Non-perturbative effects will
result in rf ≳ 1. Thus, a clear way to probe that ratio is
called for.
Although there are some first conceptual ideas on

the lattice [27] there is at this time no reliable way to
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calculate rf. The available theory estimates for this ratio
vary depending on the employed methodology. Light cone
sum rule (LCSR) calculations [28,29] find this ratio to be
Oð0.1Þ. Estimates allowing for larger nonperturbative
effects such as large rescattering or nearby resonances
result in rf ∼Oð1Þ [30–33], see also Refs. [5,34]. Studies
employing coupled dispersion relations and rescattering
data can be found in Ref. [35–37]. While Ref. [35] explains
the charm CP violation data within the Standard Model
(SM), Ref. [36] finds that this not possible. Reference [37]
finds enhanced charm CP violation to be marginally
consistent with rescattering effects.
Although the estimates for rf come with a large theory

uncertainty, its sensitivity to both rescattering effects and
BSM physics [4,38–44] makes it crucial to find clean
ways to extract it from experimental data. A common key
assumption employed in the literature in order to be able to
compare the CP asymmetry data to the SM at all is that the
relative strong phase between CKM-subleading and CKM-
leading amplitudes

δf ≡ arg

�
Af
b

Af
d

�
ð4Þ

is Oð1Þ [33]. It has been pointed out in the literature that
strong phases corresponding to δf can be obtained via the
measurements of time-dependentCP violation or quantum-
correlated charm decays [3,33,45–50]. Additionally, it has
been shown that the analogous strong phase in multibody
decays can be determined from a fit to the CP violating
time-integrated Dalitz plot [51]. However, even with recent
experimental and methodological advances there exist no
measurements yet of these strong phases, neither in two-
body [52,53], nor in three-body [54–57] decays.
In this letter, we assume the SM and show that isospin

symmetry allows the determination of the relative strong
phase between CKM-subleading and CKM-leading D →
ππ decays from direct CP asymmetries and branching
ratios only. This enables at the same time also the extraction
of the magnitude of the “penguin over tree” ratio rf.
The isospin construction proved very fruitful for the

analysis of B → ππ decays [58–65]. Also in the case of
B-decays it was found that the penguin over tree ratio as
well as the relevant strong phase can be extracted from
direct CP asymmetries and branching ratios, see, for
example, Eqs. (7)–(9) and Eqs. (110)–(114) in Ref. [61]
and the numerical results in Refs. [66,67].
Isospin symmetry has been applied to D → ππ decays in

Refs. [37,48,49,68–71]. Note that the hierarchies of the
interfering amplitudes in the D and B systems are very
different from each other. Nevertheless, both systems have
exactly the same group-theoretical structure under isospin,
which implies that the two systems have the same sum rules
at the amplitude level [72]. Thus we expect that similar
isospin relations should hold at the level of observables as

well. However, when deriving the implications for the
observables, different approximations are used.
Below, after introducing our notation and approxima-

tions, we derive new isospin relations that allow the
extraction of the ratio of CKM-subleading over CKM-
leading amplitudes for D0 → πþπ− and D0 → π0π0. We
study the numerical implications of current data and show
the prospects of future more precise determinations of the
penguin over tree ratio with future LHCb and Belle II data.
Afterward, we conclude.

II. NOTATION

Regarding Eq. (1) we remark that we use a parametriza-
tion slightly different from the one frequently used for
amplitudes of D-decays in the literature, see for example
Ref. [15]. In our case the CKM-leading contribution
is accompanied by the CKM-factor −λd and not
λsd ≡ ðλs − λdÞ=2. This choice ensures that the CKM-
subleading part Af

b only contains contributions with isospin
ΔI ¼ 1=2. In general, the parametrization with the CKM-
factor λsd is a convenient choice when studying U-spin,
while a parametrization with λd is better suited for the
isospin analysis of D → ππ. For brevity, we introduce the
following notation for the decay amplitudes

Aπþπ− ≡ Aþ−; Aπ0π0 ≡ A00; Aπþπ0 ≡ Aþ0: ð5Þ

For the relative strong phases of CKM-leading and CKM-
subleading amplitudes we write

δþ− ≡ arg

�
Aþ−
b

Aþ−
d

�
; δ00 ≡ arg

�
A00
b

A00
d

�
: ð6Þ

The phases δþ− and δ00 enter the direct CP asymmetries of
D0 → πþπ− and D0 → π0π0 decays, respectively. We also
use the relative strong phase between the CKM-leading
contributions of the two decay channels, which we denote as

δd ≡ arg

�
Aþ−
d

A00
d

�
: ð7Þ

In the isospin limit, this phase is related to the relative phase
between theΔI ¼ 1=2 andΔI ¼ 3=2 amplitudes which can
be extracted from theD → ππ branching ratios, seeRef. [73].
Direct CP asymmetries are defined as

afCP ≡ jAfj2 − jĀfj2
jAfj2 þ jĀfj2 : ð8Þ

The normalization of the amplitudes is such that the
branching fractions are defined as

Bf ¼ Pf ·
1

2
ðjAfj2 þ jĀfj2Þ; ð9Þ
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where Pf are phase space factors given by

Pf ≡ τD
16πm3

D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

D − ðmP1
−mP2

Þ2
q

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

D − ðmP1
þmP2

Þ2
q

; ð10Þ

where D ¼ D0; D� and P1;2 ¼ π0; π� depending on the
specific final state f.

III. ISOSPIN RELATIONS

A. Approximations

Throughout this letter we consider the SM case only and
use the following set of approximations.

(i) We consider the isospin limit, i.e., we do not take
into account isospin breaking effects.

(ii) We neglect electromagnetic corrections and electro-
weak penguin contributions that are subleading due
to the smallness of their Wilson coefficients.

The approximations (i) and (ii) are expected to hold at the
Oð1%Þ level [49]. Next, we use the fact that the involved
CKM matrix elements are hierarchical and use the follow-
ing approximations:
(iii) For branching ratios, we neglect contributions

which are suppressed by Oðjλb=λdjÞ ∼ λ4, where
λ ≈ 0.23 is the Wolfenstein parameter, such that

Bf ¼ Pf · jλdj2jAf
dj2: ð11Þ

(iv) We calculate direct CP asymmetries at leading
order in jλb=λdj [5,7,16]

afCP ¼ Im

�
λb
−λd

�
rf sinðδfÞ: ð12Þ

Both Eqs. (11) and (12) rely on rf respecting the hierarchy
induced by the CKM matrix elements, that is, rf ≪ 104.
Eq. (12) also relies on the convention that Af

d and Af
b

contain strong phases only.

B. Isospin decomposition

Wewrite the isospin decomposition in such a way that all
weak phases are explicit and the theory parameters depend
on strong phases only [31,37,68]

Aþ− ¼ −λd
� ffiffiffi

2
p

ðt1=2 þ t3=2Þ
�
−
λb
2

� ffiffiffi
2

p
p1=2

�
;

A00 ¼ −λdð2t3=2 − t1=2Þ −
λb
2
ð−p1=2Þ;

Aþ0 ¼ −λdð3t3=2Þ: ð13Þ

Here, t1=2, t3=2 are the CKM-leading contributions
that correspond to ΔI ¼ 1=2 and ΔI ¼ 3=2 transitions,

respectively, and p1=2 is the CKM-subleading ΔI ¼ 1=2
contribution. Note that assumptions (i) and (ii) ensure that
in Eq. (13) there are no contributions with ΔI ¼ 5=2, and
that there is no ΔI ¼ 3=2 contribution to the CKM-
subleading amplitude. The notation in Eq. (13) is chosen
such that one can directly read off Af

d and Af
b in the

convention of Eq. (1).
The isospin decomposition of the CP-conjugate ampli-

tudes Āf takes the same form as Eq. (13) up to the complex
conjugation of the CKM-factors and unphysical overall
phase-factors that do not enter any expressions for observ-
ables, see, e.g., Ref. [74].
As the matrix elements t1=2, t3=2, and p1=2 that enter the

amplitudes Af and Āf are the same and we have more
amplitudes than matrix elements, there exist sum rules
between the amplitudes of the system [49]. As a conse-
quence, this results also in relations between the observ-
ables that can be chosen as branching ratios and CP
asymmetries. For example, from the last line of Eq. (13)
it follows that Aþ0 ¼ Ā−0, or in terms of observables, the
well-known relation [49,75]

aþ0
CP ¼ 0: ð14Þ

Below we derive new isospin relations that relate branching
fractions and CP asymmetries to rf and sin δf. We then use
these relations to extract the strong phases sin δf and rf

from direct CP asymmetries and branching ratio measure-
ments only.

C. Rescattering

In principle, there exists an ambiguity in how one defines
the two interfering amplitudes, e.g., we can define
them with CKM-coefficients −λd and −λb=2, as we do
in Eq. (1), or for example with the CKM factors ðλs − λdÞ=2
and −λb=2, as frequently done when studying the U-spin
system of neutral D decays, see, e.g., Ref. [33]. Therefore
the “ratio of the two interfering amplitudes” is not clearly
defined a priori. An unambiguous definition can be
obtained in the language of operator matrix elements.
Using the Hamiltonian and the notation of Ref. [28]

Heff ¼
GFffiffiffi
2

p
�X

q¼d;s

λqðC1Q
q
1 þ C2Q

q
2Þ
�
≡ X

q¼d;s

λqOq; ð15Þ

Qq
1 ≡ ðūγμð1 − γ5ÞqÞðq̄γμð1 − γ5ÞcÞ; ð16Þ

Qq
2 ≡ ðq̄γμð1 − γ5ÞqÞðūγμð1 − γ5ÞcÞ; ð17Þ

hOqif ≡ hfjOqjD0i; ð18Þ

we write the decay amplitudes as
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AðD0 → fÞ ¼ λdhOdif þ λshOsif ð19Þ

¼ −λdðhOsif − hOdifÞ − λb
2
ð2hOsifÞ; ð20Þ

and define the penguin over tree ratio as

rf≡
���� 2hOsif
hOsif − hOdif

����; ð21Þ

where we introduce the conventional factor of two in the
numerator due to our convention Eq. (1). Once we fix the
operator basis, our definition of rf becomes unambiguous.
We next elaborate on what we refer to as rescattering

effects. In this letter we associate rescattering with the
matrix element of the operator Os. The naive interpretation
of rescattering in this case is that the ss̄ pair rescatters into a
dd̄ pair that then hadronizes, together with the uū pair, into
a pair of pions. Thus we define the no-rescattering limit as
the limit in which

hOsino rescatt: ¼ 0; ð22Þ

and consequently from Eq. (21)

rfno rescatt: ¼ 0: ð23Þ

The limit of large rescattering on the other hand
corresponds to the case jhOsij ∼ jhOdij which implies
rf ≳ 1, depending on the relative phase between hOdi
and hOsi. The experimental determination of rf thus
provides a test of rescattering effects in D → ππ decays.
We also mention one more useful limit, the Nc → ∞

limit. A general discussion of the 1=Nc expansion in charm
decays can be found in Ref. [76]. This limit can be tested by
studying a ratio of hadronic matrix elements [77,78] that
can be defined as follows

rt≡
���� t1=2t3=2

����: ð24Þ

In theNc → ∞ limit one finds, completely analogous to the
kaon sector [77], that

rNc→∞
t ¼ 2: ð25Þ

In kaon physics, the fact that this ratio is much bigger
than 2 is referred to as the ΔI ¼ 1=2 rule. The deviation
of rt from 2 can be interpreted as a failure of the
1=Nc expansion, sizable rescattering, significant kinematic
effects or any combination of the above. The rf ratio,
on the other hand, provides a clean probe of rescattering
effects.

D. Observables and theory parameters

In our isospin analysis we use three types of parameters
to which we refer as known parameters, observables, and
theory parameters.
We think of the CKM factors λd;b and phase space factors

Pf as known parameters. We assume that these parameters
are well known from the independent experimental mea-
surements and we use them as input in our analysis.
The observables in our analysis are the branching

fractions and CP asymmetries. For the system of
D → ππ decays, we thus have five observables

Bþ−; B00; Bþ0; aþ−
CP ; a00CP: ð26Þ

The theory parameters can be read off Eq. (13) and are
given by the magnitudes and relative phases of the hadronic
matrix elements that appear on the right-hand side (rhs).
In particular, without loss of generality, we choose t3=2 to
be real, resulting in a set of five theory parameters

jt3=2j; jt1=2j; jp1=2j; argðt1=2Þ; argðp1=2Þ: ð27Þ
In what follows, we also use the following combinations of
theory parameters in Eq. (27)

rt ¼
���� t1=2t3=2

����; δt ¼ arg

�
t1=2
t3=2

�
; rf; δf; δd; ð28Þ

where rf, δf and δd are defined in Eqs. (3), (4), and (7),
respectively. We emphasize that the parameters in Eq. (28)
are not independent from the parameters in Eq. (27) and
among the two sets of the theory parameters there are only
five that are independent.
The counting of the theory and experimental parameters

shows that, in the isospin limit, the system of D → ππ
decays can be completely solved. That is, all the theory
parameters in Eqs. (27)–(28) can be expressed in terms of
the observables listed in Eq. (26), possibly up to some
discrete ambiguities. In particular, this means that the
parameters of interest, rf and δf, can be expressed in
terms of branching fractions and direct CP asymmetries.

E. Tree parameters

Before we proceed to the determination of rf and sin δf,
we elaborate on how to extract the phase δd defined in
Eq. (7) from the D → ππ branching ratios in the isospin
limit, see also Refs. [37,73].
From the isospin decomposition in Eq. (13) and neglect-

ing the CKM-subleading contributions to the amplitudes,
we can solve for the theory parameters that contribute to the
CKM-leading parts of the amplitudes, namely jt1=2j, jt3=2j
and the relative phase δt between t1=2 and t3=2. We obtain

jt3=2j ¼
1

3jλdj

ffiffiffiffiffiffiffiffiffi
Bþ0

Pþ0

s
; ð29Þ
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jt1=2j ¼
1

jλdj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1

3

Bþ−

Pþ− þ 1

3

B00

P00
−
2

9

Bþ0

Pþ0

�s
; ð30Þ

rt ≡ jt1=2j
jt3=2j

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
Bþ−

Bþ0

Pþ0

Pþ− þ 3
B00

Bþ0

Pþ0

P00
− 2

s
; ð31Þ

cos δt ≡ cos

�
arg

�
t1=2
t3=2

��

¼ 1

2rt

�
9

2

Bþ−

Bþ0

Pþ0

Pþ− − r2t − 1

�
: ð32Þ

From these relations and Eq. (13) we derive the expres-
sion for the phase δd between the CKM-leading ampli-
tudes of D → πþπ− and D → π0π0 as defined in Eq. (7).
We have

cos δd ¼
2 − r2t þ rt cos δtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2 − r2t þ rt cos δtÞ2 þ 9r2t sin2 δt
p ; ð33Þ

and

sin δd ¼
�3rtj sin δtjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2 − r2t þ rt cos δtÞ2 þ 9r2t sin2 δt
p : ð34Þ

Note that sin δd is only known up to a sign, as we do not
know the sign of sin δt. Our results Eqs. (31) and (32) agree
with the analytical expressions in Ref. [73], once we
account for the different conventions of the isospin
decomposition.
A comment is in order about the phase δd. The phase δd is

defined as a relative phase betweenCKM-leading amplitudes
of D0 → πþπ− and D0 → π0π0, two decays with different
final states. In general, such a relative phase cannot be
physical, yet here we solve for δd in terms of physical
observables. The resolution of this apparent paradox is that in
the isospin limit π� and π0 are not distinguishable, which
makes this phase meaningful in the isospin limit.

F. Penguin over tree ratio

Weemploy now the isospin amplitude sum rule [12,49,68]
for the CKM-suppressed amplitudes. From Eq. (1) and the
first and second lines of Eq. (13) it follows that

1ffiffiffi
2

p Aþ−
b ¼ −A00

b ; ð35Þ

which implies the following relations for the absolute values
and the relative phase of CKM-subleading amplitudes:

����Aþ−
b

A00
b

���� ¼ ffiffiffi
2

p
; ð36Þ

arg
�
Aþ−
b

A00
b

�
¼ π: ð37Þ

We note that Eqs. (35)–(37) are related to the amplitude sum
rule in Eq. (14) of Ref. [49].
In the following we derive the implications of Eqs. (36)

and (37). We obtain two isospin limit relations that relate
branching fractions, CP asymmetries and the relative
strong phases δþ− and δ00 defined in Eq. (6). We then
use these two relations to solve for the relative strong
phases in terms of branching fractions and CP asymme-
tries. Finally, we use the approximation in Eq. (12) to solve
for the penguin over tree ratio.
First, we derive the implications of the sum rule between

the absolute values of CKM-subleading amplitudes given
in Eq. (36). Dividing the expressions Eq. (12) for CP
asymmetries, we obtain

sin δþ−

sin δ00
¼ aþ−

CP

a00CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

Bþ−

Pþ−
P00

B00

s
; ð38Þ

and

r00

rþ− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

Bþ−

Pþ−
P00

B00

s
: ð39Þ

We emphasize that this relation only holds when all of the
approximations (i)–(iv) are satisfied.
Next, we derive the implication of the sum rule between

the arguments of the CKM-subleading amplitudes given in
Eq. (37). We write δþ− as

δþ− ¼ arg

�
Aþ−
b

Aþ−
d

�
¼ arg

�
Aþ−
b A00

d A00
b

Aþ−
d A00

d A00
b

�
ð40Þ

¼ π þ δ00 − δd; ð41Þ

where in the last line we used the isospin relation in
Eq. (37). This result allows us to express the left-hand side
(lhs) of Eq. (38) in terms of the phases δ00 and δd. We find

sin δþ−

sin δ00
¼ cot δ00 sin δd − cos δd: ð42Þ

Now, as we have two relations that relate branching ratios,
CP asymmetries and relative strong phases, Eqs. (38)
and (40), we can solve for sin δþ− and sin δ00. To do so,
we substitute the result of Eq. (42) into Eq. (38) and solve
for cot δ00. We find

cot δ00 ¼ 1

sin δd

aþ−
CP

a00CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

Bþ−

Pþ−
P00

B00

s
þ cot δd; ð43Þ
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from which we can obtain

sin δ00 ¼ −signða00CPÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

sin2 δd

�
aþ−
CP

a00CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
Bþ−

Pþ−
P00

B00

q
þ cos δd

�
2

r : ð44Þ

Similarly we obtain

sin δþ− ¼ −signðaþ−
CP Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1
sin2 δd

�
a00CP
aþ−
CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Pþ−

Bþ−
B00

P00

q
þ cos δd

�
2

r : ð45Þ

The sign of each of the sin δf can be extracted from the sign
of afCP using the fact that Imð−λb=λdÞ < 0. The ratio of the
CKM-subleading over CKM-leading amplitudes follows
then from Eq. (12)

rf ¼
���� afCP
sin δfImð−λb=λdÞ

����: ð46Þ

Substituting the expressions for sin δf in Eqs. (44) and (45)
into Eq. (46), we arrive at

r00 ¼ 1

jImð−λb=λdÞj

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða00CPÞ2þ

ðaþ−
CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ−P00

p
þa00CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2B00Pþ−

p
cosδdÞ2

2B00Pþ− sin2 δd

s
;

ð47Þ

and

rþ− ¼ 1

jImð−λb=λdÞj

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðaþ−

CP Þ2þ
ða00CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2B00Pþ−

p
þaþ−

CP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ−P00

p
cosδdÞ2

Bþ−P00sin2δd

s
;

ð48Þ

where sin δd and cos δd are given in Eqs. (31)–(34) in terms
of branching fractions only. Equations (44)–(48) are the
main results of this letter. They allow the extraction of rf

and sin δf from direct CP asymmetries and branching
fractions with a theory uncertainty of Oð1%Þ.

IV. NUMERICAL RESULTS

In the following we show numerical results based on the
formalism presented above. We use the numerical input as
given in Table I. We also consider a future data scenario
which is specified in Table II. Note that the value of aþ−

CP
that we use has been extracted by LHCb employing a
universal time-dependent CP violation coefficient ΔY

[2,79] and we use the same value for ΔY also for our
extraction of a00CP from the corresponding time-integrated
measurement, see Table I. A universal ΔY is motivated by
U-spin symmetry [25]. This implies an overall systematic
theory uncertainty in the extraction of the direct CP
asymmetries of second order in U-spin breaking, see
Eq. (133) in Ref. [25]. This uncertainty can be generically
estimated as Oð10%Þ. Thus in order for the numerical
predictions for δf and rf to reach a theory uncertainty of
Oð1%Þ, improved measurements that do not require the
universality assumption for ΔY are necessary. This can be
achieved by employing future data on ΔYþ− and ΔY00 in
the determination of the direct CP asymmetries. We
emphasize that in the following we use the data on aþ−

CP
and a00CP with the universality assumption in place. This
results consequently in an overall theory uncertainty of
roughly Oð10%Þ on top of the experimental errors quoted
below for the numerical values of sin δf and rf as obtained
from Eqs. (44)–(48).
Our results are given in Table III. We also perform tests

of benchmark scenarios for rf and list their significance of
rejection with current data in Table IV.
We make the following observations:
(i) The measurement of aþ0

CP agrees with the isospin
sum rule Eq. (14).

(ii) Although we have currently essentially no informa-
tion about sin δ00, we can still infer nontrivial
information about r00. This can be understood from

TABLE I. Experimental input data. We use the decay times and
masses from Ref. [80].

Direct CP asymmetries
aþ0
CP þ0.004� 0.008 [81–84]

a00CP −0.0002� 0.0064 a [81,85,86]
aþ−
CP 0.00232� 0.00061 [2]

Branching ratios
BðD0 → πþπ0Þ ð1.247� 0.033Þ × 10−3 [80]
BðD0 → πþπ−Þ ð1.454� 0.024Þ × 10−3 [80]
BðD0 → π0π0Þ ð8.26� 0.25Þ × 10−4 [80]

Further numerical inputs
Imðλb=ð−λdÞÞ ð−6.1� 0.3Þ × 10−4 [80]

aOur extraction from ACPðD0 → π0π0Þ ¼ −0.0003� 0.0064
[81] and ΔY ¼ ð−1.0� 1.1� 0.3Þ × 10−4 [52].

TABLE II. Future data scenario employing the current central
values and using prospects for the errors from Table 6.5 of
Ref. [87] (300 fb−1) and Table 122 of Ref. [88] (50 ab−1) for
D0 → πþπ− and D0 → π0π0, respectively. All other input data is
left as specified in Table I.

aþ−
CP ð2.32� 0.07Þ × 10−3

a00CP ð−2� 9Þ × 10−4
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closer inspection of Eq. (47), which contains a
contribution independent of a00CP. This is a conse-
quence of isospin symmetry, which translates
knowledge about D0 → πþπ− into constraints on
D0 → π0π0, see also Eq. (39).

(iii) The central values of r00 (rþ−) are quite large and
2.6σ (2.7σ) away from 1.

(iv) The future data scenario demonstrates that our
method will allow to extract the ratio of CKM-
subleading over CKM-leading amplitudes with
unprecedented precision, the key advantage being

that no assumption about the strong phases δ00 and
δþ− has to be made in order to do so.

(v) Once the sign of afCP is determined, we also know
the sign of sin δf. In our future data scenario this is
the case for sin δþ−.

(vi) Comparing rt to the limit Eq. (24), we observe an
Oð1Þ enhancement in the “charm ΔI ¼ 1=2 rule,” in
agreement with Ref. [33].

(vii) Comparing to the limit of no rescattering Eq. (23) we
obtain for current data rf > 0 at 3.8σ.

The last observation, if confirmed, implies either very large
rescattering effects or BSM physics.

V. CONCLUSION

We show that the approximate isospin symmetry of the
D → ππ system allows for the extraction of the magnitudes
of CKM-subleading over CKM-leading amplitudes from
direct CP asymmetries and branching ratios without mak-
ing assumptions about the relevant strong phase. This ratio
is colloquially known as the “penguin over tree ratio.”
Our main theoretical results are given in Eqs. (44)–(48).
Numerically, from current data we obtain

r00 ¼ 5.2þ13.3
−2.4 ; ð49Þ

rþ− ¼ 5.5þ14.2
−2.7 : ð50Þ

The large central values are driven by the sizable direct CP
asymmetry found currently in D → πþπ−. Using prospects
for the development of experimental errors, we demonstrate
that our method will allow to probe the puzzle of penguin
enhancement in charm decays with unprecedented preci-
sion in the future.
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TABLE III. Numerical results for current and hypothetical
future data. In the future data scenario, the results for rt,
cos δt and cos δd are identical to the ones with current data, as
these depend only on the branching ratio data which is not
modified in the future data scenario compared to current data.
Furthermore, in the future data scenario sin δþ− < 0. The overall
additional relative systematic uncertainty of Oð10%Þ due to the
universality assumption of ΔY for the extraction of the direct CP
asymmetries comes on top of the errors shown here, see text
for details.

Parameter Current data Future data scenario

rt 3.43� 0.06 3.43� 0.06
cos δt 0.06� 0.02 0.06� 0.02
cos δd −0.68� 0.01 −0.68� 0.01
j sin δ00j 0þ1

−0 0.06þ0.20
−0.06

j sin δþ−j 0.7þ0.3
−0.5 0.69þ0.21

−0.16
r00 5.2þ13.3

−2.4 5.2þ1.6
−1.2

rþ− 5.5þ14.2
−2.7 5.5þ1.8

−1.3

TABLE IV. Test of benchmark hypotheses and significance of
their rejection for current data. In the considered future data
scenario all hypotheses listed here are rejected at> 5σ. In order to
account for the overall Oð10%Þ relative systematic uncertainty
due to the assumption of a universal ΔY for the extraction of the
direct CP asymmetries, we multiply the hypotheses for rf by a
factor 1.10, resulting in a more conservative (lower) significance
of rejection, see text for details.

Hypothesis Current data

rþ− ¼ 1.0 2.7σ
rþ− ¼ 0.1 3.7σ
r00 ¼ 1.0 2.6σ
r00 ¼ 0.1 3.7σ
p1=2 ¼ 0 3.8σ
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