D^0–D^0 MIXING Revised November 2003 by D. Asner (University of Pittsburgh) Standard Model contributions to D^0–D^0 mixing are strongly suppressed by CKM and GIM factors. Thus the observation of D^0–D^0 mixing might be evidence for physics beyond the Standard Model. See Burdman and Shipsey [1] for a review of D^0–D^0 mixing, Nelson [2] for a compilation of mixing predictions, and Ref. [3] for subsequent predictions. Formalism: The time evolution of the D^0–D^0 system is described by the Schrödinger equation i ∂ ∂t ( D^0(t) D^0(t) ) = ( M −^i_2 Γ ) (D0(t) D^0(t) ) , (1)

where the M and Γ matrices are Hermitian, and CP T invariance requires M_{11} = M_{22} ≡ M and Γ_{11} = Γ_{22} ≡ Γ. The off-diagonal elements of these matrices describe the dispersive and absorptive parts of D^0–D^0 mixing.

The two eigenstates D_1 and D_2 of the effective Hamiltonian matrix (M −^i_2 Γ) are given by |D_{1,2}⟩ = p|D^0⟩ ± q|D^0⟩ . (2) The corresponding eigenvalues are

λ_{1,2} ≡ m_{1,2} −^i_2 Γ_{1,2} = ( M −^i_2 Γ ) ± q p ( M_{12} −^i_2 Γ_{12} ) , (3)

where m_1 and Γ_1 are the mass and width of the D_1, etc., and | | | q p | | |^2 = M^{∗12} −^{i2} Γ^{∗12} M_{12} −^i_2 Γ_{12}

. (4)

We extend the formalism of this Review’s note on “B^0–B^0 Mixing” [4]. In addition to the “right-sign” instantaneous decay amplitudes A_f ≡ ⟨f|H|D^0⟩ and A_f ≡ ⟨f |H|D^0⟩ for CP conjugate final states f and f , we include the “wrong-sign” amplitudes A_f ≡ ⟨f |H|D^0⟩ and A_f ≡ ⟨f|H|D^0⟩. It is usual to normalize the wrong-sign decay distributions to the integrated rate of right-sign decays and to express time in units of the precisely measured D^0 mean lifetime, τ_D0 = 1/Γ = 2/(Γ_1 + Γ_2). Starting from a pure |D^0⟩ or |D^0⟩

CITATION: S. Eidelman et al. (Particle Data Group), Phys. Lett. B 592, 1 (2004) (URL: http://pdg.lbl.gov)

September 9, 2004 17:20

state at t = 0, the time-dependent rates of production of the wrong-sign final states relative to the integrated right-sign states are then r(t) = | ⟨f|H|D^0(t)⟩ |_2 | |A_f | |^2 = | | | q p | | | 2 | | |g+(t) χ^{−1}_f + g−(t) | | |^2 (5) and r(t) = | |⟨f |H|D0(t)⟩ | |^2 | | |A_f | | |^2 = | | | | p q | | | | 2 | | |g+(t) χ_f + g−(t) | | |^2 , (6)

where χ_f = qA_f pA_f (7) and g_±(t) = 1 2 ( e^{−iz1t} ± e^{−iz2t} ) , z_{1,2} = λ_{1,2} Γ . (8)

Note that a change in the convention for the relative phase of D^0 and D^0 would cancel between q/p and A_f /A_f and leave χ_f invariant.

Since D^0–D^0 mixing is a small effect, the identification tag of the initial particle as a D^0 or a D^0 must be extremely accurate. The usual tag is the charge of the distinctive slow pion in the decay sequence D^{∗+} → D^0π^+ or D^{∗−} → D^0π^−. In current experiments, the mis-tag probability is about one per thousand. Another tag of comparable accuracy is identification of one of the D’s from ψ(3770) → D^0D^0.

We expand r(t) and r(t) to second order in time for modes where the ratio of decay amplitudes R_D = |A_f /A_f |^2 is very small. We define reduced mixing amplitudes x and y by x ≡ 2M_{12} Γ = m_1 − m_2 Γ = Δm Γ (9) and y ≡ Γ_{12} Γ = Γ_1 − Γ_2 2Γ = ΔΓ 2Γ . (10)

In these equations, the middle relation holds in the limit of CP conservation, in which case the subscripts 1 and 2 indicate the CP -even and CP -odd eigenstates, respectively.

Semileptonic decays: In semileptonic decays, A_f = A_f = 0 in the Standard Model. Then in the limit of weak mixing, where |ix + y| ≪ 1, r(t) is given by r(t) = |g_−(t)|^2 | | | | q p | | | | 2 ≈ e^{−t} 4 (x^2 + y^2) t^2 | | | | q p | | | | 2 . (11)

For r(t) one replaces q/p here by p/q; and in the limit of CP conservation, r(t) = r(t), and the time-integrated mixing rate relative to the time-integrated right-sign decay rate is

R_M = ∫_∞ 0 r(t)dt ≈ 1 2 (x^2 + y^2) . (12)

The results from semileptonic decays are summarized in Table 1. The most sensitive mixing limit is from the FOCUS experiment [5]. Searching for the decay D^0 → K^+μ^−ν_μ, it found R_M < 1.31 × 10^{−3} at the 95% C.L., assuming CP conservation. Semileptonic decays are less sensitive to mixing than are hadronic decays and thus have received less attention recently.

Table 1: Results for R_M in D^0 semileptonic decays.

Year Exper. Final State(s) R_M 2002 FOCUS [5] K^+μ^−ν_μ < 1.31 × 10^{−3} (95% C.L.) 2002 CLEO [6] K^{∗+}e^−ν_e < 8.6 × 10^{−3} (95% C.L.) 1996 E791 [7] K^+ℓ^−ν_ℓ < 5.0 × 10^{−3} (90% C.L.)

Wrong-sign decays to hadronic non-CP eigenstates: Consider the final state f = K^+π^−, where A_f is doubly Cabibbo-suppressed, and the ratio of decay amplitudes is A_f A_f = − √ R_D e^{−iδ}, | | | | | A_f A_f | | | | | ∼ O(tan^2 θ_c) , (13)

where R_D is the doubly Cabibbo-suppressed decay rate relative to the Cabibbo-favored rate, and δ is a strong phase difference between doubly Cabibbo-suppressed and Cabibbo-favored processes. The minus sign originates from the sign of V_{us} relative to V_{cd}.

We characterize the violation of CP in the mixing amplitude, the decay amplitude, and the interference between mixing and decay, by real-valued parameters A_M , A_D, and ϕ. We adopt a parameterization similar to that of Nir [8] and CLEO [9] and express these quantities in a way that is convenient to describe the three types of CP violation: | | | | q p | | | | =1 + A^M , (14) χ^{−1}_f ≡ pA_f qA_f = − √ R_D(1 + A_D) (1 + A_M ) e^{−i(δ+ϕ)} , (15)

χ_f ≡ qA_f pA_f = − − √ R_D(1 + A_M ) (1 + A_D) e^{−i(δ−ϕ)} . (16) In general, χ_f and χ^{−1}_f are independent complex numbers. To leading order, r(t) = e^{−t} × [ R_D(1 + A_D)^2

+ √ R_D(1 + A_M )(1 + A_D)y^′_−t +

(1 + A_M )^2R_M 2 t^2 ] (17) and r(t) = e^{−t} × [ R_D (1+A_D)^2 + √ R_D (1+A_D)(1+A_M ) y^′_+t+ R_M 2(1+A_M )^2 t^2 ] , (18)

where

y^′_± ≡ y^′ cos ϕ ± x^′ sin ϕ = y cos(δ ∓ ϕ) − x sin(δ ∓ ϕ) (19)

y^′ ≡ y cos δ − x sin δ, x^′ ≡ x cos δ + y sin δ , (20)

and R_M is the mixing rate relative to the time-integrated right-sign rate.

The differences between the three terms in Eq. (17) and Eq. (18) probe the three fundamental types of CP violation. In the limit of CP conservation, A_M , A_D, and ϕ are all zero, and then r(t) = r(t): r(t) = r(t) = e^{−t} ( R_D + √ R_D y^′t + 1 2 R_M t^2 ) , (21) and the time-integrated wrong-sign rate relative to the integrated right-sign rate is R = ∫_∞ 0 r(t) dt = R_D + √ R_D y^′ + R_M . (22)

The ratio R of time-integrated wrong- and right-sign rates is the most readily accessible experimental quantity. The observations of non-zero R in D^0 → K^+π^− decay are summarized in Table 2. There has been improvement in precision since 1999, and the average, R = (0.365 ± 0.021) %, from recent experiments is about two standard deviations from the average of R = (0.81 ± 0.23) % of the pre-1999 results. We restrict the subsequent discussion to the post-1999 experiments.

Table 2: Results for R in D^0 → K^+π^−.

Year Exper. Technique R_D(×10^{−3}) A_D(%) 2003 BABAR [10] e^+e^−→Υ (4S) 3.57 ± 0.22 ± 0.27 9.5 ± 6.1 ± 8.3 2002 Belle [11] e^+e^−→Υ (4S) 3.72 ± 0.25^{+0.09}_{−0.14} - 2001 FOCUS [12] γ BeO 4.04 ± 0.85 ± 0.25 - 2000 CLEO [9] e^+e^−→Υ (4S) 3.32^{+0.63}_{−0.65} ± 0.40 2^{+19}_{−20} ± 1 1998 E791 [13] π^−Pt 6.8^{+3.4}_{−3.3} ± 0.7 - 1998 Aleph [14] e^+e^− → Z^0 18.4 ± 5.9 ± 3.4 - 1994 CLEO [15] e^+e^−→Υ (4S) 7.7 ± 2.5 ± 2.5 -

The contributions to R can be extracted by fitting the D^0 → K^+π^− decay rates. Comparison of results is complicated because some experiments include CP violating terms, some do not. CLEO [9] and BABAR [10] allowed for CP violation in all three terms (i.e. measure r(t) and r(t)), and then quote limits on the mixing amplitudes after averaging D^0 and D^0. A preliminary FOCUS result [12] assumes CP conservation. The results for y^′ and x^{′2}/2 are summarized in Table 3. Figure 1 shows the two-dimensional allowed regions.

Extraction of the amplitudes x and y from the results in Table 3 requires knowledge of the relative strong phase δ, a subject of theoretical discussion [16, 17]. In most cases, it appears difficult for theory to accommodate δ > 25^∘, although

Table 3: Results from studies of the time dependence r(t).

Year Exper. y^′ (95% C.L.) x^{′2}/2 (95% C.L.) 2003 BABAR [10] −5.6 < y^′ < 3.9 % < 0.11 % 2001 FOCUS [12] −12.4 < y^′ < −0.5 % < 0.076 % 2000 CLEO [9] −5.8 < y^′ < 1.0 % < 0.041 %

the judicious placement of a Kπ resonance could allow δ to be as large as 50^∘.

A quantum interference effect that provides useful sensitivity to δ arises in the decay chain ψ(3770) → D^0D^0 → (f_{cp})(K^+π^−), where f_{cp} denotes a CP eigenstate from D^0 decay, such as K^+K^−[1, 18]. Here, the amplitude triangle relation √ 2 A(D_± → K^−π^+) = A(D^0 → K^−π^+) ± A(D^0 → K^−π^+), (23) where D_± denotes a CP eigenstate, implies that

1 ± 2 √ R_D cos δ = 2

B(D_± → K^−π^+) B(D^0 → K^−π^+)

, (24) or cos δ =

B(D_+ → K^−π^+) − B(D_− → K^−π^+) 2 √ R_D B(D^0 → K^−π^+)

, (25)

neglecting CP violation and exploiting R_D ≪ √ R_D. Projections for 3 fb^{−1} of data at the ψ(3770) indicate that δ could be measured to 20^∘ if | cos δ| ∼ 1, and to a few degrees if cos δ ∼ 0 [19].

The strong phase δ might also be determined by constructing amplitude quadrangles from a complete set of branching fraction measurements of the other doubly Cabibbo-suppressed D decays to two pseudoscalars [20]. This analysis would have to assume that the amplitudes from both ΔI = 1 and ΔI = 0 that populate the total I = 1/2 Kπ state have the same strong phase relative to the amplitude that populates the total I = 3/2 Kπ state.

The Dalitz-plot analyses of doubly Cabibbo-suppressed D decays to a pseudoscalar and a vector allow the measurement of the relative strong phase between some amplitudes, providing additional contraints to the amplitude quadrangle [21] and thus the determination of the strong phase difference between the relevant doubly Cabibbo-suppressed and Cabibbofavored amplitudes. In D^0 → K_S ππ, the doubly Cabibbosuppressed and Cabibbo-favored decay amplitudes occupy the same Dalitz plot, which allows direct measurement of the relative strong phase. CLEO has measured the relative phase between D^0 → K^∗(892)^+π^− and D^0 → K^∗(892)^−π^+ to be (189 ± 10 ± 3^{+15}_{− 5} )^∘ [22], consistent with the 180^∘ expected from Cabibbo factors and a small strong phase.

There are several results for R measured in multibody final states with nonzero strangeness. Here R, defined in Eq. (22), becomes an average over the Dalitz space, weighted by experimental efficiencies and acceptance. The results are summarized in Table 4.

Table 4: Results for R in D^0 → K^{(∗)+}π^−(nπ).

Year Exper. D^0 Final State R(%)

2002 CLEO [22] K^∗(892)^+π^− 0.5 ± 0.2^{+0.6}_{−0.1} 2001 CLEO [23] K^+π^−π^+π^− 0.41^{+0.12}_{−0.11} ± 0.04 2001 CLEO [24] K^+π^−π^0 0.43^{+0.11}_{−0.10} ± 0.07 1998 E791 [13] K^+π^−π^+π^− 0.68^{+0.34}_{−0.33} ± 0.07

For multibody final states, Eqs. (13)–(22) apply to one point in the Dalitz space. Although x and y do not vary across the Dalitz space, knowledge of the resonant substructure is needed to extrapolate the strong phase difference δ from point to point. Both the sign and magnitude of x and y are experimentally accessible by studying the time-dependent resonant substructure in decay modes such as D^0 → K_S π^+π^− [25].

Decays to CP Eigenstates: When the final state f is a CP eigenstate, there is no distinction between f and f , and then A_f = A_f and A_f = A_f . We denote final states with CP eigenvalues ±1 by f_±. In analogy with Eqs. (5)–(6), the decay rates to CP eigenstates are then

r_±(t) = | |⟨f_±|H|D^0(t)⟩ | |^2 | |A_± | |^2 = 1 4 | | |h^±(t) ( A_± A_± ± q p ) + h_∓(t) ( A_± A_± ∓ q p )| | | 2 ,

∝ 1 |p|^2 | |h_±(t)+η_±h_∓(t) | |^2, (26)

and r_±(t) = | |⟨f_±|H|D^0(t)⟩ | |^2 |A_±|^2 ∝ 1 |q|^2 | |h±(t)−η±h∓(t) | |^2, (27)

where h_±(t) = g_+(t) ± g_−(t) = e^{−iz±t} , (28) and η_± ≡ pA_± ∓ qA_± pA_± ± qA_± = 1 ∓ χ_± 1 ± χ_± , (29)

and the variable η_± describes CP violation; η_± can receive contributions from each of the three fundamental types of CP violation.

The quantity y may be measured by comparing the rate for decays to non-CP eigenstates such as D^0 → K^−π^+ with decays to CP eigenstates such as D^0 → K^+K^− [17]. A positive y would make K^+K^− decays appear to have a higher decay rate than K^−π^+ decays. The decay rate for a D^0 into a CP eigenstate is not described by a single exponential in the presence of CP violation.

In the limit of weak mixing, where |ix + y| ≪ 1, and small CP violation, where |A_M |, |A_D|, and |sin ϕ| ≪ 1, the time dependence of decays to CP eigenstates is proportional to a single exponential: r_±(t) ∝ e^{−[1±} | |^p_q | |_{(y cos ϕ−x sin ϕ)]t} , (30) r_±(t) ∝ e^{−[1±} | |^q_p | |_{(y cos ϕ+x sin ϕ)]t} , (31) r_±(t) + r_±(t) ∝ e^{−(1±yCP )t}. (32)

Here

y_{CP} = y cos ϕ [ 1 2 (| | | p q | | | | + | | | | q p | | | | ) + A_{prod} 2 (| | | p q | | | | − | | | | q p | | | | )]

− x sin ϕ [ 1 2 (| | | p q | | | − | | | q p | | | ) + A_{prod} 2 (| | | p q | | | + | | | q p | | | )] , (33) and A_{prod} ≡

N(D^0) − N(D^0)

N(D^0) + N(D^0)

(34)

is defined as the production asymmetry of the D^0 and D^0. Note that deviations from the decay rate measured in non-CP eigenstates does not require y ≠ 0 but can be due to x sin ϕ ≠ 0. This possibility is distinguished by a relative sign difference in the exponents of Eqs. (30) and (31) describing the D^0 and D^0 samples, respectively.

In the limit of CP conservation, A_± = ±A_±, η_± = 0, y = y_{CP} , and r_±(t) | A_± |_2 = r_±(t) |A_±|^2 = e^{−(1±yCP )t} . (35)

The possibility of CP violation has not been considered in general in any of the analyses of y, although specific cases have been considered. Belle [26] and BABAR [27] have allowed CP violation in interference and mixing. Neither result considered CP violation in direct decay. All measurements are relative to the D^0 → K^−π^+ decay rate. The current status of measurements of y is summarized in Table 5 and in Fig. 1.

Table 5: Results for y from D^0 → K^+K^− and π^+π^−.

Year Exper. D^0 Final State(s) y(%)

2003 Belle [26] K^+K^− y_{CP} = 1.15 ± 0.69 ± 0.38 2003 BABAR [27] K^+K^−, π^+π^− y cos ϕ = 0.8 ± 0.4^{+0.5}_{−0.4} 2001 CLEO [28] K^+K^−, π^+π^− y_{CP} = −1.1 ± 2.5 ± 1.4 2001 Belle [29] K^+K^− y_{CP} = −0.5 ± 1.0^{+0.7}_{−0.8} 2000 FOCUS [30] K^+K^− y_{CP} = 3.4 ± 1.4 ± 0.7 1999 E791 [31] K^+K^− y_{CP} = 0.8 ± 2.9 ± 1.0

Substantial work on the integrated CP asymmetries in decays to CP eigenstates indicates that A_{CP} is consistent with zero at the few percent level [32]. The expression for the integrated CP asymmetry that includes the possibility of CP violation in mixing is A_{CP} = Γ(D^0 → f_±) − Γ(D^0 → f_±) Γ(D^0 → f_±) + Γ(D^0 → f_±)

(36)

= |q|^2 − |p|^2 |q|^2 + |p|^2 + 2Re(η_±) . (37)

References

1. G. Burdman and I. Shipsey, Ann. Rev. Nucl. and Part.

Sci. 53, 431 (2003).

2. H.N. Nelson, in Proceedings of the 19th Intl. Symp. on Lepton and Photon Interactions at High Energy LP99, ed. J.A. Jaros and M.E. Peskin, SLAC (1999).

3. A.A. Petrov, hep-ph/0311371, contributed to Flavor Physics and CP Violation (FPCP2003), Paris, June 2003; I.I. Bigi and N.G. Uraltsev, Nucl. Phys. B592, 92 (2001); Z. Ligeti, AIP Conf. Proc. 618, 298 (2002),

hep-ph/0205316;

A.F. Falk et al., Phys. Rev. D65, 054034 (2002); C.K. Chua and W.S. Hou, hep-ph/0110106.

4. See the review on B^0–B^0 mixing in this Review. 5. K. Stenson, presented at the April Meeting of the American Physical Society (APS 03), Philadelphia, Pennsylvania, April 5-8, 2003;

M. Hosack, (FOCUS Collab.), Fermilab-Thesis-2002-25. 6. S. McGee in Fundamental Interactions, Proceedings of the 17th Lake Louise Winter Institute, edited by A. Astbury et al., World Scientific Publishing Co. Pte. Ltd. (2002).

7. E.M. Aitala et al., (E791 Collab.), Phys. Rev. Lett. 77, 2384 (1996).

8. Y. Nir, Lectures given at 27th SLAC Summer Institute on Particle Physics: CP Violation in and Beyond the Standard Model (SSI 99), Stanford, California, 7-16 Jul 1999. Published in Trieste 1999, Particle Physics pp. 165- 243.

9. R. Godang et al., (CLEO Collab.), Phys. Rev. Lett. 84, 5038 (2000).

Figure 1: Current allowed regions in the plane of y^′ versus x^′. The regions for CLEO and BaBar allow CP violation in the decay amplitude, in the mixing amplitude, and in the interference between these two processes. The FOCUS result does not allow CP violation. The allowed region for ΔΓ is the average of the y_{CP} [26, 28–31] results and the BABAR measurement of y cos ϕ [27] and does not include y = 0. We assume δ = 0 to place the ΔΓ results. A non-zero value for δ would rotate this confidence region clockwise about the origin by an angle δ. See full-color version on color pages at end of book.^{September 9, 2004 17:20}

10. B. Aubert et al., (BABAR Collab.), Phys. Rev. Lett. 91, 171801 (2003).

11. K. Abe et al., (Belle Collab.),

hep-ex/0208051 contributed to the 31st International

Conference on High-Energy Physics (ICHEP 2002), Amsterdam, The Netherlands, (24-31 July 2002).

12. J.M. Link, (FOCUS Collab.), Phys. Rev. Lett. 86, 2955 (2001);

J.M. Link, (FOCUS Collab.), hep-ex/0106093, presented at the 36th Rencontres de Moriond on Electroweak Interactions and Unified Theories, Les Arcs, France, (March 10-17, 2001).

13. E.M. Aitala et al., (E791 Collab.), Phys. Rev. D57, 13 (1998).

14. R. Barate et al., (ALEPH Collab.), Phys. Lett. B436, 211 (1998).

15. D. Cinabro et al., (CLEO Collab.), Phys. Rev. Lett. 72, 1406 (1994).

16. L. Chau and H. Cheng, Phys. Lett. B333, 514 (1994);

T.E. Browder and S. Pakvasa, Phys. Lett. B383, 475 (1995);

A.F. Falk, Y. Nir, and A.A. Petrov, JHEP 9912, 19 (1999);

M. Gronau and J.L. Rosner, Phys. Lett. B500, 247 (2001); G. Blaylock, A. Seiden, and Y. Nir, Phys. Lett. B355, 555 (1995).

17. S. Bergmann et al., Phys. Lett. B486, 418 (2000). 18. M. Gronau, Y. Grossman, and J.L. Rosner, Phys. Lett.

B508, 37 (2001).

19. R.A. Briere et al., (CLEO Collab.), CLNS 01-1742, July 2001.

20. E. Golowich and S. Pakvasa, Phys. Lett. B505, 94 (2001). 21. C.W. Chiang and J.L. Rosner, Phys. Rev. D65, 054007 (2002).

22. H. Muramatsu et al., (CLEO Collab.), Phys. Rev. Lett.

89, 251802 (2002) [Erratum-ibid. 90, 059901 (2003)]. 23. S.A. Dytman et al., (CLEO Collab.), Phys. Rev. D64, 111101 (2001).

24. G. Brandenburg et al., (CLEO Collab.), Phys. Rev. Lett.

87, 071802 (2001).

25. D.M. Asner, UCRL-JC-147296. 26. K. Abe et al., (Belle Collab.),

hep-ex/0308034, contributed to the 21st International

Symposium on Lepton and Photon Interactions at High Energies, (LP 03), Batavia, Illinois, 11-16 Aug 2003.

27. B. Aubert et al., (BABAR Collab.), Phys. Rev. Lett. 91, 121801 (2003).

28. S.E. Csorna et al., (CLEO Collab.), Phys. Rev. D65, 092001 (2002).

29. K. Abe et al., (Belle Collab.), Phys. Rev. Lett. 88, 162001 (2002).

30. J.M. Link et al., (FOCUS Collab.), Phys. Lett. B485, 62 (2000).

31. E.M. Aitala et al., (E791 Collab.), Phys. Rev. Lett. 83, 32 (1999).

32. See the tabulation of A_{CP} results in the decays of D^0 and D^+ in this Review.