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Outline

First 7 minutes

Motivation: LHCb and CDF results for ∆A
(K+K−−π+π−)
CP

Estimate of ∆ACP in SM

Conservative conclusion about origin of ∆ACP

Last 12 minutes

Broken U-spin in D → PP

Predictions for ACP & correlations in several D0,+ → PP

Conclusion
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Asymmetry definitions

ACP (f) ≡ Γ(D → f) − Γ(D̄ → f̄)

Γ(D → f) + Γ(D̄ → f̄)

ACP (fCP ) ≡ Γ(D0 → fCP ) − Γ(D̄0 → fCP )

Γ(D0 → fCP ) + Γ(D̄0 → fCP )
e.g. : fCP = π+π−

≈ Adir
CP (f) +

〈t(f)〉
τD

Aind
CP (f) t = proper decay time

K+K−

Aind
CP ∼ x sin φ ≈ indep. of f (Af has tiny weak phase)

x ≡ ∆m/Γ < 1% y ≡ ∆Γ/Γ < 1% φ ≡ arg
[

(q/p)(Āf/Af )
]

∆ACP ≡ ACP (K+K−) − ACP (π+π−)

≈ ∆Adir
CP +

∆〈t〉
τD

Aind
CP ∆〈t〉 ≡ 〈t(K+K−)〉 − 〈t(π+π−)〉
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Experimental∆ACP

LHCb: ∆ACP = [−0.82 ± 0.21(stat) ± 0.11(syst)]%

∆〈t〉/τD = [9.83 ± 0.22(stat) ± 0.19(syst)]%

PRL 108, 111602 (2012)

CDF: ∆ACP = [−0.62 ± 0.21(stat) ± 0.10(syst)]%

∆〈t〉/τD = [26± 1]% CDF Note 10784

Combining and assuming uncorrelated Gaussian errors

∆Adir
CP = (−0.67 ± 0.16)% Aind

CP = (−0.02 ± 0.22)%

Little effect: E687 (1994), E791, FOCUS, CLEO, BaBar, Belle (2008)

CDF, PRD 85, 012009 (2012)

−0.63% ≤ ACP (D0 → K+K−) ≤ 0.15% prefer < 0

−0.21% ≤ ACP (D0 → π+π−) ≤ 0.65% prefer > 0
90% c.l:
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Compare with crude SM estimate

D0 → π+π−: T Pb

ū V ∗
cb Vub = |Vub|e−iγ

c d c b u
V ∗

cd d̄

Vud u d

d̄ ū
Pb/T = reiδe−iγ ⇒ ACP (π+π−) ≈ 2r sin δ sin γ

U-spin: ACP (K+K−)≈later−ACP (π+π−)⇒∆ACP≈−4r sin δ sin γ

sin δ ∼ sin γ ∼ 1 ⇒exp

r ∼ (17 ± 4) × 10−4

r=
|VcbVub|
|VcdVud|

|〈|P|〉|
|〈|T |〉|=7×10−4 |〈|P|〉|

|〈|T |〉| ⇒ |〈|P|〉|
|〈|T |〉| ∼ 2 − 3

Perturbation: |〈|P|〉|
|〈|T |〉|∼αs(mc)/π∼0.1,however mc is not≫ΛQCD
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Pb ⊃ contraction of tree operators

Expect large 1/mc corrections
J. Brod, A.L. Kagan, J. Zupan

Wait 7 minutes for
experimental evidence

Difficult calculation H-n. Li, C-D. Lu, F-S. Yu

Sizable uncertainties E. Franco, S. Mishima, L. Silvestrini
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Nonperturbative penguin enhancement

∆I = 1/2 enhancement
in K → 2π

is not calculable perturbatively

most probably from penguin
M. Shifman, A. Vainshtein, V. Zakharov, JETP Lett 22, 55 (1975)

M. Golden, B. Grinstein, Phys Lett B 222, 501 (1989)

anticipated P enhancement in D decays
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Conservative conclusion

∆ACP by LHCb & CDF

is not inconsistent with SM

Accounted by P enhancement
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Experimental tests

Tests of SM
and P enhancement

in ACP (D0,+→PP )
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Cabibbo-favoredD → PP

Examples D → Kπ,Kη Bhattacharya, Rosner

Amplitudes with 4 flavor topologies Cheng, Chiang

q̄ = ū, d̄, s̄ c V ∗
cs s

c V ∗
cs s d̄

T Vud u C Vud u

d̄ q̄ = ū, d̄, s̄

c V ∗
cs s c u

E q = u, d, s A V ∗
cs Vud q = u, d, s

ū Vud d̄ s̄ d̄

Equivalent to flavor SU(3) amplitudes Pirtskhalava,Uttayarat
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Cabibbo-favoredD → PP

Γ=|A|2pcm/8πM2
D B. Bhattacharya, J.L. Rosner, PRD 81 (2010)

Good fit (slight dependence on η−η′ mixing∗,units 10−6 GeV)

T = 2.93 C = 2.34e−i152◦

E = 1.57ei121◦

A = 0.33e170◦

Decay Amplitude Theor B % Exp B %

D0 → K−π+ T + E 3.90 3.87 ± 0.06

K̄0π0 (C − E)/
√

2 2.35 2.25 ± 0.09

K̄0η C/
√

3 1.00 0.90 ± 0.06

K̄0η′ −(C + 3E)C/
√

6 1.92 1.88 ± 0.10

D+ → K̄0π+ T + C 3.09 2.93 ± 0.09

D+
s → K̄0K+ C + A 2.94 2.96 ± 0.16

π+η (T − 2A)/
√

3 1.81 1.83 ± 0.15

π+η′ 2(T + A)/
√

6 3.60 3.94 ± 0.33
* θη = 19.5◦
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Five comments on CF decays

Weak Hamiltonian ∝ (s̄LγµcL)(ūLγµdL) is ∆U = 1

U-spin ⊂ SU(3)

(

d

s

)

= doublet u, c = singlets

Single CKM V ∗
csVud, no P : ACP = 0

|E|
|T |>0.5 formally 1/mc suppressed: Large 1/mc correction

Large strong phases δ (FSI, nearby resonances)

CF and DCS D decays are related by U-spin

M. Gronau, J.L. Rosner, PLB 500, 247 (2000)
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Singly-Cabibbo-suppressedD → PP

T, C, E, A multiplied by ±λ, λ = tan(θCabibbo) = 0.2317

Cabibbo-favored

SCS

U-spin predicts branching ratios for SCS D decays
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U-spin breaking in∆U=1 SCS

T,C,E,A from λ[(s̄c)(ūs) − (d̄c)(ūd)] are ∆U = 1 like CF

A(D0 → K+K−) =d↔s −A(D0 → π+π−) = λ(T + E)

b u
c d̄, s̄

d, s

ū

tiny Pb(K
+K−) = Pb(π

+π−)

⇒ ACP (K+K−) ≈ −ACP (π+π−)

U-spin is strongly broken
[

|A(D0→K+K−)|
|A(D0→π+π−)|

]

exp
= 1.81 ± 0.04

Decay constants and form factors: fK

fπ

f+(D→K)(m
2
K)

f+(D→π)(m2
π) = 1.38

are insufficient, requires U-spin breaking in ∆U = 0

– p. 16



Pure U-spin breaking∆U=0

c → u penguin is ∆U = 0 and U-spin breaking
Comparing with enhanced Pb: U-spin breaking∼ 10% (wait 3 min)

P PA

c d, s u c d, s
ū

ms 6= md ⇒ P ≡ Ps − Pd 6= 0, PA ≡ PAs − PAd 6= 0

Same CKM (λ) as ∆U = 1 (±λ) ⇒ no CPV

P+PA increases A(K+K−) & decreases A(π+π−) (equal sign)

Accounts well forB(π+π−), B(K+K−) and other SCS decays

U-spin discussion of B(K+K−)
B(π+π−) : Feldmann, Nandi, Soni

Brod, Grossman, Kagan, Zupan
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SCSD0,+ amps with U-spin breaking

Final Amplitude |A| (10−7 GeV)
State f representation Experiment Theory
π+π− −λ (Tπ+E)+(P+PA) 4.70±0.08 4.70
K+K− λ (TK+E)+(P+PA) 8.49±0.10 8.48
π0π0 −λ (C−E)/

√
2−(P+PA)/

√
2 3.51±0.11 3.51

K0K
0 −(P+PA)+P 2.39±0.14 2.37

π+π0 −λ (Tπ+C)/
√

2 2.66±0.07 2.26

K+K
0

λ (TK−A)+P 6.55±0.12 6.87

P+PA=0.44+1.41i (10−7GeV) P =−1.52+0.08i (larger error)

Excellent & reasonable fit for D0 & D+ decays

Determines strong phases φf
T of amplitudes relative to T
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ACP in SCSD decays

Include Pb = pei(δ−γ): ACP ≈ 2(p/|Tf |) sin γ sin(δ − φf
T )

All asymmetries depend on same p, δ |Tf |, φf
T , γ=76◦ given

(like P use flavor SU(3))

CDF 90% c.l. limits on ACP (π+π−,K+K−) : − 2.6 ≤ δ ≤ 0.4

p and δ are correlated by ∆ACP = (−0.67 ± 0.16)%
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Predictions forACP (K+K−, π+π−)

Asymmetries as function of δ using the (δ − p) constraint
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Predictions forACP (K+K̄0, π(0,+)π0)
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Conclusion
∆U=1 tree &∆U=0 penguin U-spin breaking amplitudes
account well for SCS D0 &D+ → PP decay rates
∆ACP (K+K−− π+π−) is not inconsistent with SM, needs
penguin enhancement by ∼ 10 relative to naive estimate

Like D0-D̄0 mixing: nonperturbative, hard to calculate
ACP (K+K−, π+π−) ∼ a few ×10−3 are very interesting ;
Challenge: measure separately to predict other ACP

ACP at a similar level are expected in other D → PP

ACP (D+→K+K̄0)predict<0=(−0.16± 0.58± 0.25)% (Belle 2010)

Correlations are expected: (K+K−, π+π−) (K+K̄0, π0π0)

|ACP (π+π0)|>0.001 is unexpected⇒new ∆I= 3
2 physics

Study ACP in n>2-body decays: D+→K̄∗0K+, ρ0π+

D+ → φ0π+ Belle (0.51±0.28±0.05)% Hayashii’s talk
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Backup

Tiny tree phases of V ∗
cdVud ≈ −λ, V ∗

csVus ≈ λ

do not affect asymmetries significantly

Unitarity of CKM:

V ∗
cdVud + V ∗

csVus + V ∗
cbVub = 0

λd(≈−λ) + λs(≈λ) + λb(∼λ5) = 0

Im(λdλ
∗
s) = Im(λsλ

∗
b) ≈ |Vcs||Vus||Vcb||Vub| sin γ

arg(λsλ
∗
d) ≈ − |Vcb|Vub|

|Vcs||Vus|
sin γ ≃ −6.5 × 10−4 .

Contributions to ACP (PP ) are smaller
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