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� Single Cabibbo-Suppressed D0 → h+h− decays

h+h− = π+π−, K +K−; π±ρ∓,K±K∗∓

I The direct��CP asymmetry:

adir
CP(h+h−) =

Γ(D0 → h+h−)− Γ(D̄0 → h−h+)

Γ(D0 → h+h−) + Γ(D̄0 → h−h+)

I In what follows: (see also the talk by S.Schacht)

• to obtain adir
CP(h+h−) in SM, it is necessary and sufficient to

calculate a single hadronic matrix element (“penguin amplitude”).

• penguin amplitudes from QCD Light-cone sum rules (LCSR),

• how important are intermediate f0 resonances in D → h+h− ?



� Realization of direct��CP in D0 → h+h− decays

I Single Cabibbo-suppressed decays
satisfy the conditions for direct �CP:

A(D0 → h+h−) = A(1)
h eiδ1 eiφ1 + A(2)

h eiδ2 eiφ2 ,

A(D̄0 → h−h+) = A(1)
h eiδ1 e−iφ1 + A(2)

h eiδ2 e−iφ2 ,

the decay amplitude with two parts, weak φ1 6= φ2 and strong δ1 6= δ2 phases

I the asymmetry adir
CP(h+h−) ∼ A(1)

h

A(2)
h

sin(δ1 − δ2) sin(φ1 − φ2).

I in more detail:
A(D0 → π+π−) = λd 〈π+π−|Od |D0〉+ λs〈π+π−|Os|D0〉 ,
A(D0 → K +K−) = λs〈K +K−|Os|D0〉+ λd 〈K +K−|Od |D0〉 ,

I SCS four-quark operators, a compact notation

Heff = Vud V∗cd︸ ︷︷ ︸
λd

GF√
2

[
c1 (ūΓµd)

(
d̄Γµc

)
+ c2

(
d̄Γµd

)
(ūΓµc)

]
︸ ︷︷ ︸

Od

+{d → s}

neglected Oi≥3 with ci � c1,2



� “Penguin” amplitudes

I the "penguin" hadronic matrix elements:
Ps
ππ = 〈π+π−|Os|D0〉 , Pd

KK = 〈K +K−|Od |D0〉 ,

I a generic definition: in a “pengiun” hadronic matrix element
• there is a q̄q in the four-quark operator
• no flavour q in the valence content of the hadrons,
otherwise no relation to "topological (quark flow)" diagrams

I definition valid only if we use a method in which mesons or their
intepolating currents have a definite valence content.



� Penguins in the direct CP-asymmetry

I CKM unitarity in SM: λd = −(λs + λb) , λb = (VubV∗cb)� λs,d ,

I separating the O(λb) contribution with CP-phase

A(D0 → π+π−) = −λsAππ
{

1 +
λb

λs

(
1 + rπ exp(iδπ)

)}
,

A(D0 → K +K−) = λsAKK

{
1− λb

λs
rK exp(iδK )

}
,

the notation: λb
λs
≡ rbe−iγ , rb =

∣∣∣∣∣VubV∗
cb

VusV∗
cs

∣∣∣∣∣ .

Aππ = 〈π+π−|Od |D0〉 − 〈π+π−|Os|D0〉 , AKK = 〈K +K−|Os|D0〉 − 〈K +K−|Od |D0〉 ,

rπ =

∣∣∣∣Ps
ππ

Aππ

∣∣∣∣ , rK =

∣∣∣∣∣Pd
KK
AKK

∣∣∣∣∣ , δπ(K ) = arg[Ps(d)
ππ(KK )

]− arg[Aππ(KK )]

I a "clean" observable (after time-integration)
∆adir

CP = adir
CP(K +K−)− adir

CP(π+π−) = −2rb sin γ(rK sin δK + rπ sin δπ) + O(r2
b ) .

I approximation: −λsAππ ' A(D0 → π+π−) , λsAKK ' A(D0 → K +K−)

I a calculation of Ps
ππ and Pd

KK is necessary and suffficient,
combined with Aππ and AKK extracted from experiment



� Calculation of the “penguin” matrix elements
AK, A.Petrov Phys. Lett. B 774 (2017), 235 [arXiv:1706.07780 [hep-ph]].

I the method formulated and used earlier for the B → ππ decays
AK, Nucl.Phys. B605, 558, (2001),

AK, T. Mannel and B. Melic, Phys. Lett. B 571 (2003) 75

I correlation function for D → π+π− (π → K , s ↔ d for D → K +K−)

I OPE diagrams
in terms of pion LCDAs: π+(q)

k

uc

u d

s

p− q p− k

π+(q)

s

π+(q)

s

π+(q)

s

π+(q)

uc

u ds s

I some details:
• finite quark masses mc , ms

• SU(3) not used, only isospin

• tw 2,3 accuracy, fact. tw 5,6

• selection of diagrams
(see eariler B → ππ papers)

• LCSR’s for D → π,K form factors

I LCSR input: quark masses, pion, kaon DAs, parameters used in the LCSR
calculation of D → π,D → K and pion e.m. form factor



� Obtaining LCSR
• step 1:
Dispersion relation
in the pion channel = + ...
⊕ duality

π+(q)

k

uc

u d

s

p−q p−k

π+(q)

π+(p−k)

π+(p−k)

• step 2:
Analytic continuation
P2 = (p−q −k)2<0⇒ P2 = m2

D ⇒
π+(q)

π+(p−k)

π
−

(−
q
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π
+
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• step 3:
Dispersion relation
in the D channel ⊕
duality = + ...

π
−

(−
q
)

π
+

(p−
k
)

π
−

(−
q
)

π
+

(p−
k
)

D

D



� Results for direct CP asymmetry
I numerical results obtained from LCSRs:
|Ps
ππ | = (1.96± 0.23)× 10−7GeV , |Pd

KK | = (2.86± 0.56)× 10−7GeV ,

the uncertainties are only parametrical !

I using measured branching fractions of D → π+π−, and
D → K +K− for Aππ and AKK :

rπ =
|Ps
ππ |

|Aππ |
= 0.093± 0.011 , rK =

|Pd
KK |

|AKK |
= 0.075± 0.015 .

I CKM averages yield rb sinγ = 0.64× 10−3,

I the difference of asymmetries:

∆adir
CP = −2rb sin γ(rK sin δK + rπ sin δπ)

I the resulting upper limits: (independent of strong phases)∣∣∣adir
CP(π−π+)

∣∣∣ < 0.012± 0.001%,
∣∣∣adir

CP(K−K +)
∣∣∣ < 0.009± 0.002%,∣∣∣∆adir

CP

∣∣∣ < 0.020± 0.003% .

I much smaller than the LHCb collaboration result:

∆adir
CP = (−0.154± 0.029)% R. Aaij et al. [LHCb], 1903.08726 [hep-ex] (2019)



� Accuracy of the LCSR prediction

I parametric accuracy of LCSR: higher twists, perturbative
corrections –need dedicated calculations,

I systematic errors from semilocal duality in π and D channels
– controlled by the pion e.m. and D → π,K form factor LCSRs

I we do not calculate the total amplitude of D → π+π−,K +K− in
which several “topologies” contribute,

I the strong phase difference is not yet accessible
I How accurate is the local duality approximation ?
I cf. the spacelike→ timelike

transition for the
pion e.m. form factor:

I f0 resonances (JP = 0+, I = 0)
near D0 may locally enhance
or suppress the effect
(local duality violation)
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� How important are f0 resonances ?

I f0(1710) enhances��CP S. Schacht, A. Soni , 2110.07619 (2021)

I in general:
• hadronic unitarity and dispersion relation• intermediate states dominated by f0 resonances

Ps
ππ =

∫ ∞
4mp i2

ds
ImPs

ππ

s −m2
D

=
∑

f0

〈π+π−|f0〉〈f0|Õs
2 |D0〉

m2
f0
−m2

D − imf0 Γf0

I there are many f0’s:
’ Five isoscalar resonances are established: the very broad f0(500), the f0(980),
the broad f0(1370), and the comparatively narrow f0(1500) and f0(1710)’

[ PDG minireview]

in addition f0(2020) updated from the analysis of B → J/ψππ
S. Ropertz, C. Hanhart and B. Kubis, 1809.06867

I taking them into account in the LCSR: model-dependent resonance
ansatz fitted to the correlator in the spacelike region



� Summary and outlook
I using QCD-based tools (QCD light-cone sum rules, quark-hadron duality) it is

possible to estimate hadronic matrix elements for nonleptonic charm decays

I the magnitude of direct CP-violation in D → π+π− and D → K +K− was
estimated; the result is significantly smaller than the latest LHCb result

Disclaimer: • our calculation is not a “short-distance” one• we do not “predict/confirm new physics” !
I future possibilities of LCSR applicaitons:
• D0 → ρ±π∓,K∗±K∓,
• other D(s) modes including other topologies,

• ��CP in charmed baryon modes, (in progress)
• including resonances, assessing the duality violation

I wishlist :
• lattice QCD calculation of penguin amplitudes
• f0 resonances in the S-wave of B− → π+π−`−ν̄`• measuring direct CP asymmetries in D0 → ρ±π∓,K∗±K∓
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