CLEO-c and Its Impact on BABAR

Kenji Hamano

June 1, 2004

Abstract

CLEO-c is a three-year program focused on charm and QCD physics. It will produce many interesting charm results starting from 3 × 10^7 of DD̄ events. From these data, CLEO-c can extract important quantities such as branching fractions of charm decays, the CKM matrix elements, and parameters of nonperturbative QCD theories with very high precision, for example, 1-2 % for branching fractions. These results will have big impact on other experiments such as BaBar and Belle, as well as on theories of heavy flavors.

1

Contents

Family First Second Third Leptons e ν_e μ ν_μ τ ν_τ Quarks u d c s t b Interactions Electromagnetic Weak Strong Gauge bosons Photon(γ) W Z Gluon(g)

Table 1: Fundamental constituents in the Standard Model

1 Introduction

In recent years, physics of heavy quarks such as b (beauty) and c (charm) is attracting many physicist’s attention. To study heavy quark physics, some facilities modified their accelerators, and new detectors were built. For example, CLEO (Cornell), BaBar (Stanford) and Belle (Tsukuba, Japan) are the detectors designed to study B mesons which contain b quarks, and Focus (Fermilab) and BES (Beijing, China) are designed to study D mesons which contain c quarks. CLEO finished its role in B physics because BaBar and Belle have higher luminosity and have achieved better statistics, and is going to shift its focus to c physics. This new plan of CLEO is called CLEO-c. CLEO-c is a three-year program focused on charm and QCD physics [1]. It was approved and machine conversion is already completed. Although BES is still running, CLEO-c will have better resolutions and statistics.

In the next section, the background theory of heavy quark physics will be described. The proposed plan of CLEO-c will be summarized in section 3, and in the following section, CLEO-c’s impact on BaBar will be discussed by using specific examples.

2 Theory

2.1 Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a very successful theory. It has survived many experimental tests for decades. In this theory the matter around us consists of three families of quarks and leptons and gauge bosons which mediate interactions between quarks and leptons (Table 1).

2.2 Weak interactions and CKM matrix

Weak forces are mediated by weak bosons, W and Z. Figure 1 is an example of the charged current weak interaction. An interesting property of weak interactions is that the weak eigenstates of quarks and leptons differ from their mass eigenstates. When a quark couples to a weak boson, the quark is not in its mass eigenstate. Instead, the quark is a superposition of the three families of quark mass eigenstates. This is expressed by the following equation [2] [3]: d^′ s^′ b^′ = V_{ud} V_{us} V_{ub} V_{cd} V_{cs} V_{cb} V_{td} V_{ts} V_{tb} d s b (1) The primed states of the left hand side are the weak eigenstates of down-type quarks and those on the right hand side are the mass eigenstates. This matrix which mixes the three families of down-type quarks is called the Cabibbo-Kobayashi-Maskawa (CKM) Matrix. The matrix elements of the CKM matrix are free parameters of the SM to be determined by experiments. There are four independent parameters in the CKM matrix, for example, in Wolfenstein parametrization [4], the CKM matrix is given by 1 − λ^2/2 λ Aλ^3(ρ − iη) −λ 1 − λ^2/2 Aλ^2 Aλ^3(1 − ρ − iη) −Aλ^2 1 + O(λ^4) (2)

where the CKM matrix is expressed in terms of three real(λ, A, and ρ) and one imaginary (iη) parameters. This imaginary phase is responsible for CP violation. Using the Cabibbo angle θ_C , which is well measured, λ is given by

λ = sinθ_C = 0.230 ± 0.003 (3)

If there are not more than three families of quarks, the CKM matrix should be unitary. For example, unitary conditions, such as the following equations, must be satisfied.

|V_{cd}|^2 + |V_{cs}|^2 + |V_{cb}|^2 = 1 (4) V^∗_{ud}V_{us} + V^∗_{cd}V_{cs} + V^∗_{td}V_{ts} = 0 (5)

Determination of magnitudes and relative phases of the CKM matrix elements is a principal goal of the experimental effort in flavor physics experiments, from rare kaon decay experiments to B factories to pp̄ collider experiments.

2.3 QCD

Actual interactions are not as simple as Figure 1 because quarks are confined in hadrons, hence, we need to take strong interactions into account. Strong interactions are described by Quantum Chromodynamics (QCD). QCD is a non-Abelian analogy of Quantum Electrodynamics (QED), which is an Abelian gauge theory. QCD is more complicated than QED because of its non-Abelian nature. For example, the gauge bosons of QCD, gluons, carry QCD charge called colour, so they interact with each other, whereas the gauge boson of QED, the photon, does not carry electric charge. However, the most significant difference is the magnitude of coupling constants. The coupling constant of the strong interactions is so large that the higher order terms in expansions cannot be neglected. We cannot use perturbation theory for QCD, except for the case of high momentum transfer interactions where asymptotic freedom applies. Therefore, we need other techniques to deal with QCD in the low energy, non-perturbative region.

Figure 1: Weak interaction via W boson.

2.3.1 Lattice QCD

Lattice QCD is a promising candidate for calculating non-perturbative QCD. In QED and perturbative QCD, the functional method is used to calculate physical quantities such as decay rates. Except for special cases, integrals to calculate those physical quantities are divergent. We usually expand the integral and deal with the divergence order by order by using renormalization methods. However, in lattice QCD, the lattice provides a cut-off for the integral and we can get around the divergence. Thus, in the lattice framework we do not even have to expand the integral. We can numerically calculate the integral using the huge computer power we have now [5]. At first, the so-called quenched approximation was employed, which means all fermion–anti-fermion loop diagrams are eliminated from the calculation [6]. Even in this approximation, the results of lattice QCD calculation are well matched to experiments. Lattice QCD produced a wide variety of nonperturbative results with accuracies of order of 10 - 20 %, and first-generation unquenched calculation have been completed for decay constants and semileptonic form factors of B and D mesons [7].

2.3.2 Heavy Quark Effective Theory

There are some phenomenological theories to deal with non-perturbative QCD, which do not require such time and computer power as lattice QCD does. One of them is the heavy quark effective theory (HQET). Heavy quarks are the quarks whose mass, m_Q, satisfies m_Q ≫ Λ_{QCD} ∼ 200MeV. In general, u,d and s quarks are light quarks and c and b quarks are heavy quarks. In the hadrons containing heavy quarks, the heavy quarks are almost at rest because they are very massive, and can be treated as non-relativistic point particles. Hence, the dynamics of heavy mesons containing single heavy quark does not change under the exchange of heavy quark flavors, for example exchange of b by c. This is the heavy quark flavor symmetry. We can implement this symmetry by using an effective Lagrangian instead of the usual QCD Lagrangian [8] . In this framework, HQET, we can calculate, for example, the decay rates of the semileptonic B → D decays at q^2_{max} in a good approximation. Corrections to this approximation is proportional to the power of 1/m_Q, and, because 1/m_Q is small, the higher orders are small. HQET is now dominant in extractions of |V_{cb}| and |V_{ub}| using exclusive semileptonic decays of B mesons.

2.4 Leptonic and Semileptonic Decays

Leptonic and semileptonic decays of charmed or beauty hadrons provide us with opportunities to test a variety of theories because these decays are relatively clean and accessible both experimentally and theoretically. In addition, by measuring decay rates, we can deduce branching fractions of important decay modes and the CKM matrix elements such as V_{ub}, V_{cb}, V_{cd} and V_{cs}.

2.4.1 Leptonic Decays

The decay rate of a charged pseudoscalar meson M_{Qq̄} is given by [9]

Γ(M_{Qq̄} → ℓ^−ν̄) =

G^2_F 8π |V_{Qq̄}|^2f^2_M Mm^2_ℓ ( 1 − m^2_ℓ M^2

)_2 (6) where f_M is the decay constant, V_{Qq̄} is the CKM matrix element, and m_ℓ and M are the masses of the lepton and the meson M_{Qq̄}, respectively. In case of charm decays, for example, the decay rate is

Γ(D_q → ℓν) =

G^2_F 8π |V_{cq}|^2f^2_{Dq} M_{Dq} m^2_ℓ ( 1 − m^2_ℓ M^2_{Dq} )_2 (7) In the leptonic decays, the hadronic physics is encapsulated in a single parameter, the decay constant. Using leptonic decays, we can measure |V_{Qq̄}| as well as the decay constant f_M . As some theories predict f_M , we can test those theories.

Experimentally leptonic decays are challenging because the branching fractions are so small that we cannot expect high yields.

2.4.2 Semileptonic Decays

Compared to leptonic decays, semileptonic decays have two distinct advantages. First, they have substantially larger branching fractions. Second, they offer not only rate but also form factor shapes. Form factor shapes can be used to test HQET predictions and Lattice QCD calculations.

Exclusive Semileptonic Decays

Let us consider the decay P → P^′ℓν where P and P^′ are both pseudoscalar mesons. The differential decay rate is given by [9] dΓ(P → P^′ℓν) dq^2 = G^2_F 24π^3

|V_q′_Q|^2p^3_P ′ |f_+(q^2)|^2 (8)

where Q and q^′ are the initial and final-state quarks in the underlying transition Q → q^′ℓν, p_P ′ is the magnitude of the three-momentum of the final-state meson P^′ in the rest frame of

P , and f_+ is a vector form factor. Both p_P ′ and f_+ are functions of q^2, the squared mass of the virtual W . For example, for D → Kℓν decay, the differential decay rate is dΓ(D → Kℓν) dq^2 = G^2_F 24π^3

|V_{cs}|^2p^3_K |f_+(q^2)|^2 (9)

The hadronic physics is captured in the form factor f_+(q^2). |f_+(q^2)|^2 measures the probability that the strange quark and the spectator will form the final state kaon. The weak physics appears in the |V_{cs}| and G_F .

Consider the case of vector meson final states such as P (Qq̄) → V (q^′q̄)ℓν and V → P_1P_2 where P , P_1 and P_2 are pseudoscalar mesons and V is a vector meson. The hadronic part has a more complicated structure, and the differential decay rate is given by [9] dΓ(P → V ℓν, V → P_1P_2) dq^2dcosθ_V dcosθ_ℓdχ = 3G^2_F 8(4π)^4 |V_q′_Q|^2 p_V q^2 M^2

[(1 − ηcosθ_ℓ)^2sin^2θ_V |H_+(q^2)|^2

+(1 + ηcosθ_ℓ)^2sin^2θ_V |H_−(q^2)|^2 +4sin^2θ_ℓcos^2θ_V |H_0(q^2)|^2 (10) −4ηsinθ_ℓ(1 − ηcosθ_ℓ)sinθ_V cosθ_V cosχH_+(q^2)H_0(q^2) +4ηsinθ_ℓ(1 + ηcosθ_ℓ)sinθ_V cosθ_V cosχH_−(q^2)H_0(q^2) −2sin^2θ_ℓsin^2θ_V cos2χH_+(q^2)H_−(q^2)] × B(V → P_1P_2)

where θ_V and θ_ℓ are the angles between P_1 and V and between ℓ and V respectively, χ is the angle between V P_1P_2 plane and V ℓν plane, H_+(q^2), H_−(q^2) and H_0(q^2) are helicity amplitudes corresponding to the helicity +1, -1 and 0 of V (or virtual W ), and η is equal to +1 for B decays and -1 for D decays. These helicity amplitudes are functions of the vector form factor, V (q^2), and the axial vector form factors, A_1(q^2) and A_2(q^2). In the case of D → K^∗ℓν(K^∗ → Kπ), dΓ(D → K^∗ℓν, K^∗ → Kπ) dq^2dcosθ_K dcosθ_ℓdχ = 3G^2_F 8(4π)^4 |V_{cs}|^2 p_K∗ q^2 M^2_D

[(1 + cosθ_ℓ)^2sin^2θ_K |H_+(q^2)|^2

+(1 − cosθ_ℓ)^2sin^2θ_K |H_−(q^2)|^2 +4sin^2θ_ℓcos^2θ_K |H_0(q^2)|^2 (11) +4sinθ_ℓ(1 + cosθ_ℓ)sinθ_K cosθ_K cosχH_+(q^2)H_0(q^2) −4sinθ_ℓ(1 − cosθ_ℓ)sinθ_K cosθ_K cosχH_−(q^2)H_0(q^2) −2sin^2θ_ℓsin^2θ_K cos2χH_+(q^2)H_−(q^2)] × B(K^∗ → Kπ)

The hadronic physics is characterized by the three amplitudes H_+, H_− and H_0, which are functions of q^2.

The lattice QCD and HQET can predict these form factors or amplitudes. Thus, we can use those predictions to extract the CKM matrix elements and we can also test these predictions by measuring decay rates of semileptonic decays.

CM Energy Resonance Type of Events Integrated Number of Events (GeV) Luminosity (fb^{−1}) 3.77 ψ^{′′} = ψ(3770) DD̄ 3 3 × 10^7 4.14 D^+_s D^−_s 3 1.5 × 10^6 4.14 D^0D̄^{∗0} 3 3 × 10^6 3.1 J/ψ(1S) 1 10^9 4.6 Λ_cΛ̄_c 1 3.7 × 10^5 3.6 ττ̄ 0.25 3.7 ψ^′ = ψ(2S)

Υ(1S),Υ(2S),Υ(3S) 4

Table 2: CLEO-c Operation Plan

Inclusive Semileptonic Decays

In the hadrons containing heavy quarks, the heavy quarks are almost at rest and can be treated as non-relativistic point particles. Hence, we can use the Operator Product Expansion (OPE) as in the case of deep inelastic scatterings. This heavy quark OPE is called the Heavy Quark Expansion (HQE) [8] . By measuring the lepton energy spectrum and the hadron mass spectrum of inclusive P → Xℓν decays, we can extract the CKM matrix elements and the parameters of the HQE.

3 CLEO-c

3.1 CLEO-c proposed experiment

Table 2 shows the proposed operation plan. Expected luminosity is between 1.5 × 10^{32}cm^{−2}s^{−1} and 5 × 10^{32}cm^{−2}s^{−1}. Because the cross section of ψ^{′′} is large (∼ 10nb), the expected number of events of DD̄ is 3 × 10^7 for one year’s run. In addition, prior to the conversion to low energy operation, data was collected at the Υ(1S), Υ(2S) and Υ(3S) resonances.

The Mark III and BES experiments have taken data on the same ψ resonances, but CLEO-c will have 200 - 500 times larger datasets which means 270 times as much D and D_s data, and 20 times as many ψ(3100) decays. In addition, CLEO-c will have more modern detector compared to Mark III and BES. For example, the photon energy resolution is 10- 20 times better, depending on E_γ ; the charged particle momentum resolution is 2-3 times better, depending on p_T .

CLEO-c uses a symmetric e^+e^− collider, thus, the LAB frame is the ψ rest frame. In addition, because the CM energy is lower than Υ(4S) energy, multiplicities of events are lower. These make particle detection easier than in BaBar.

Decay Mode B ΔB/B Nr. Signal Evts Experiment D^+ → μ^+ν (0.08^{+0.16+0.05}_{−0.05−0.02})% ∼100% 1 BES [10] D^+_s → μ^+ν (0.62 ± 0.08 ± 0.13 ± 0.16)% 35% 182 CLEO [11] D^+_s → τ^+ν (7.4 ± 2.8 ± 2.4)% 50% 16 L3 [12]

Table 3: Measured Leptonic Branching Fraction

Decay Mode Decay Constant Δf_{Dq} /f_{Dq} D^+ → μ^+ν f_D 2.3% D^+_s → μ^+ν f_{Ds} 1.9% D^+_s → τ^+ν f_{Ds} 1.6%

Table 4: CLEO-c Expected Precision in Decay Constants

3.2 Charm Decays

3.2.1 Leptonic Decays

Branching Fractions

Current status of measured leptonic Branching fractions of D^+ → ℓ^+ν̄ and D^+_s → ℓ^+ν̄ are given in Table 3. Because of the small rates of leptonic decays, current measurements have large uncertainties. Even the best measured mode, the Cabibbo allowed decay D^+_s → μ^+ν, has 35% uncertainties because of the difficulty in background systematics and large uncertainties in the branching fractions of the normalizing mode D_s → ϕπ. In CLEO-c, we can use fully tagged D accompanied with a single charged track of the correct sign, missing energy and a complete accounting of residual energy in the calorimeter. The clear definition of the initial state, the cleanliness of the tag reconstruction, and the absence of additional fragmentation tracks make this measurement straightforward and essentially background free. The decay D^+_s → τ^+ν is more complicated due to the secondary decay of the τ, but substantially more plentiful since the large τ mass lifts the helicity suppression. In CLEO-c the decay rates will be measured with precision of 3-4%.

Decay Constants

Current status of the precision of the decay constants is f_π 0.3%, f_K 0.9%, f_{Ds} 35%, f_D 100%, and f_B and f_{Bs} are not measured with any useful precision. As shown in the Table 4, with muonic decays alone CLEO-c can determine decay constants f_D and f_{Ds} to a precision at the 1-2% level. Using Lattice QCD, we can compute ratios such as f_B /f_D reliably, therefore, we can scale f_D and f_{Ds} to obtain f_B and f_{Bs} with good precision. Radiative corrections are small compared with the experimenatal precision and can be ignored [13].

Decay Mode PDG PDG CLEO-c B(%) ΔB/B(%) ΔB/B(%) D^0 → K^−e^+ν 3.47 ± 0.17 4.9 0.36 D^0 → K^{∗−}e^+ν 2.02 ± 0.33 16.3 1.60 D^0 → π^−e^+ν 0.37 ± 0.06 16.2 0.95 D^0 → ρ^−e^+ν – – 2.14 D^+ → K̄^0e^+ν 6.7 ± 0.9 13.4 0.63 D^+ → K̄^{∗0}e^+ν 4.7 ± 0.4 9.4 0.94 D^+ → π^0e^+ν 0.31 ± 0.15 48.4 1.97 D^+ → ρ^0e^+ν 0.22 ± 0.08 36.4 2.38 D_s → K̄^0e^+ν – – 9.9 D_s → K̄^{∗0}e^+ν – – 13.6 D_s → ϕe^+ν 2.0 ± 0.5 25.0 3.1 Λ_c → Λe^+νX 1.1 ± 0.8 72.7 16

Table 5: Current precisions [14] and CLEO-c expected precisions in exclusive semileptonic decay branching fractions. (Note: Only statistical uncertainties are included in the error estimates in this table.)

3.2.1 Semileptonic Decays

Exclusive Semileptonic Decays

The current precision of absolute branching ratios of semileptonic D decays are 5-73% (Table 5). CLEO-c will improve the precision of , for example, D → πℓν and D → Kℓν to 1% level. The measurement is based on the use of tagged events and nearly background-free signal samples will be provided.

CLEO-c will measure the slope and normalization of the pseudoscalar form factor f_+(q^2) to the precision of ∼4% for the decay modes D^+ → K̄^0e^+ν, D^0 → K^−e^+ν, D^+ → π^0e^+ν, D^0 → π^−e^+ν, D^+_s → ηe^+ν and D^+_s → K̄^0e^+ν. Also the normalization and q^2 dependence of the vector and axial vector form factors V (q^2), A_1(q^2) and A_2(q^2) will be measured to the precision ∼5%, for decay modes such as D^0 → K^{−∗}e^+ν, D^0 → ρ^−e^+ν, D^+ → K̄^{0∗}e^+ν, D^+ → ρ^0e^+ν, D^+ → ωe^+ν, D^+_s → ϕe^+ν and D^+_s → K̄^{0∗}e^+ν.

Using the currently available D and D_s lifetimes and assuming that theoretical control over the hadronic contributions will be accurate to 3%, the expected precisions in the pseudoscalar semileptonic measurements, including the CKM matrix elements, are summarized in Table 6. Note that the precise form factor measurements of CLEO-c will help improving theoretical calculations because theoretical predictions of the magnitudes and q^2 dependences of theose form factors must match the measurements.

Inclusive Semileptonic Decays

As summarized in Table 7, current precision of the branching fractions of inclusive semileptonic decays, D → eX, D_s → eX and Λ_c → eX, are 4-63%. CLEO-c will be

Decay Mode ΔΓ/Γ CKM element CKM precision D^0 → K^−e^+ν 1.2% |V_{cs}| 1.6% D^0 → π^−e^+ν 1.5% |V_{cd}| 1.7%

Table 6: CLEO-c Expected Precision in Semileptonic Decays

Decay Mode PDG PDG CLEO-c B(%) ΔB/B(%) ΔB/B(%) D^0 → e^+X 6.8 ± 0.3 4.4 0.8 D^+ → e^+X 17.2 ± 1.9 11.0 0.8 D_s → e^+X 8^{+6}_{−5} 63 1.7 Λ_c → e^+X 4.5 ± 1.7 38 5.1

Table 7: Current precisions [14] and CLEO-c expected precisions in inclusive semileptonic decay branching fractions

able to achieve the accuracy of 1-5%. Again, remarkable improvement is expected.

3.2.2 Hadronic Decays

Current status of the best measured branching fractions of hadronic decays is summarized in Table 8. These modes are usually used as the scale for all other branching fraction measurements.

• D^0 → K^−π^+ mode. This is the best known mode. In the two experiments in the Table 8, they look at D^{∗+} → π^+D^0 decays and take the ratio of the D^0 → K^−π^+ to the number of decays with only π^+ from the D^{∗+} decay detected. The dominant systematic uncertainty is the background level in the latter sample. With this method, it is difficult to reduce systematic uncertainties by increasing statistics.

• D^+ → K^−π^+π^+ mode. The D^+ absolute rate is determined by using fully reconstructed D^{∗+} decays, comparing π^0D^+ with π^+D^0 and using isotopic spin symmetry. Thus this rate cannot be determined in principle any better then the absolute D^0 decay rate using this method.

• D^+_s → ϕπ^+ mode. It is determined by using fully reconstructed B decays into D^{(∗)}D^{∗+}_s and comparing the rate when the decay products of the D^+_s are seen, to the rate just using the γ from D^{∗+}_s → γD^+_s . This error is large because it is difficult to separate signal from background in the γ spectrum because of its poor signal-background ratio.

• J/ψ → μ^+μ^− mode. This rate is important because it allows the absolute determination of the cross-section for specific b species at hadron colliders. The current measurements are systematically limited.

Decay Mode B ΔB/B Experiment D^0 → K^−π^+ (3.82 ± 0.07 ± 0.12)% 3.6% CLEO [15] (3.90 ± 0.09 ± 0.12)% 3.8% ALEPH [16] (3.83 ± 0.09)% 2.3% PDG [14] D^+ → K^−π^+π^+ (9.3 ± 0.6 ± 0.8)% 10.8% CLEO [17] (9.1 ± 1.3 ± 0.4)% 14.9% Mark III [18] (9.1 ± 0.7)% 7.7% PDG [14] D^+_s → ϕπ^+ (3.59 ± 0.77 ± 0.48)% 25.3% CLEO [19] (3.6 ± 0.9)% 25.0% PDG [14] J/ψ → μ^+μ^− (5.84 ± 0.006 ± 0.10)% 2.0% BES [20] (6.08 ± 0.33)% 5.4% BES [21] (5.88 ± 0.10)% 1.7% PDG [14] ψ(2S) → π^+π^−J/ψ (31.0 ± 2.8)% 9.0% PDG [14]

Table 8: Measured Hadronic Branching Fractions

In CLEO-c, systematic error will be reduced by reconstructing both charm and anti-charm particles in e^+e^− → DD̄ process. As a result, the precision of

D^0 → K^−π^+, D^+ → K^−π^+π^+ : ∼ 1%, D_s → ϕπ : ∼ 2% will be expected. As many important B meson branching ratios are normalized with respect to these charm modes, these improvement will have a big impact on other measurements.

3.3 CKM Matrix Elements

The following is the relative uncertainty on the magnitude of each matrix element: the one in the middle is what is known today from direct measurements [14], the right hand side is what will be achieved by CLEO-c as will be discussed in the following subsections. V_{ud} was determined by nuclear β decay and V_{us} was determined by kaon semileptonic decay. CLEO-c has no effect on these two elements. CKM matrix V_{ud} V_{us} V_{ub} V_{cd} V_{cs} V_{cb} V_{td} V_{ts} V_{tb}

Present precision 0.1% 1% 25% 7% 16% 5% 36% 39% 29%

After CLEO-c 0.1% 1% 5% 1% 1% 3% 5% 5% 15%

Note that theoretical calculation will be significantly improved by being calibrated and validated by CLEO-c measurements. In the following estimation, these improvements are taken into account. We also included expected direct |V_{tb}| measurement at Tevatron [22]. |V_{cd}| and |V_{cs}| |V_{cd}| and |V_{cs}| are directly determined by measurements of leptonic and semileptonic charm decays. As stated above, current relative uncertainties of |V_{cd}| and |V_{cs}| are 7% and

Decay Mode CKM element CKM precision D_s → μ^+ν |V_{cs}| 1.9% D_s → τ^+ν |V_{cs}| 1.6% D^0 → K^−e^+ν |V_{cs}| 1.6% D^+ → μ^+ν |V_{cd}| 2.3% D^0 → π^−e^+ν |V_{cd}| 1.7%

Table 9: CLEO-c Expected Precision in |V_{cs}| and |V_{cd}|

16% respectively. CLEO-c will provide 1.4% accuracy of |V_{cd}| by measuring D^+ → μ^+ν and D → πeν, and, 1.1% accuracy of |V_{cs}| by measuring D^+_s → μ^+ν, D^+_s → τ^+ν and D → Kℓν. Each decay mode is given in Table 9. These uncertainties are estimated by assuming that Lattice QCD will provide decay constants with 1% accuracy. In the case of semileptonic decays, only the pseudoscalar results will be used. |V_{td}| and |V_{ts}| Currently limited by the accuracy of f_{Bd} and f_{Bs} . No useful measurement exists. The improvement of the precision of f_D and f_{Ds} improve the precision of f_{Bd} and f_{Bs} as described in the section 3.2.1. Using the measurements of B_d and B_s mixing parameters from B factories, and assuming |V_{tb}| = 1, CLEO-c can determine |V_{td}| and |V_{ts}| with precision of about 5%. |V_{ub}| Currently limited by form factor calculation to 25% accuracy. The accurate measurement of form factors in the closely related charm decays such as D → πℓν and D → ρℓν will improve the theoretical calculations. Applying the improved form factors to B → πℓν and B → ρℓν, CLEO-c will give 5% or better precision to |V_{ub}|. |V_{cb}| |V_{cb}| is extracted from the measurements of semileptonic B decay B → D^∗ℓν. Currently limited by the theoretical control of the form factors and the experimental determination of branching fraction B(D → Kπ). CLEO-c will drive form factor technology, and measure the normalizing branching ratios at the sub-percent level. The error in form factors is expected to be reduced when unquenched lattice gauge calculations are done [23].

Unitarity tests of CKM

Currently the CKM matrix fails both orthogonality and orthonormality conditions at the 2-3σ level [14]. Unitarity test can be proved with 1% precision when |V_{cd}| and |V_{cs}| are provided at 1% level by CLEO-c.

Figure 2: The unitary triangle of V_{ud}V^∗_{ub} + V_{cd}V^∗_{cb} + V_{td}V^∗_{tb} = 0.

Over-constraining the Standard Unitary Triangle

CP violation can be explained by the existence of the imaginary part of the CKM matrix [25]. When we plot a unitary condition, for example V_{ud}V^∗_{ub} + V_{cd}V^∗_{cb} + V_{td}V^∗_{tb} = 0, on a complex plane, we get a triangle (Figure 2). This triangle is called a unitary triangle. If there is no imaginary component, the triangle collapses to a horizontal line. Thus, measuring the shape of the triangle is an important test of CP violation and the unitarity of the CKM matrix. Using the parametrization given in Equation (2), AC = |V_{ud}V^∗_{ub}| |V_{cd}V^∗_{cb}| = ( 1 − λ^2 2 ) | | | V_{ub} λV_{cb} | | | ≃ 0.36 AB = |V_{td}V^∗_{tb}| |V_{cd}V^∗_{cb}| = | | | V_{td} λV_{cb} | | | ≃ 0.97 (12)

The angle β was measured with 10% precision [14]:

sin 2β = 0.78 ± 0.08 (13)

Supposing AB = 1, this uncertainty of sin2β changes AC approximately 14%. The current precision of λ is 1.3% and of |V_{cb}| is 5% or better. Hence, if |V_{ub}| and |V_{td}| are determined at the 5% level, the sides of the unitary triangle will be measured with precision comparable to the sin2β. This allows for the first time a meaningful comparison of the sides with one of the angles.

3.4 Charm Baryons

At Λ_cΛ̄_c threshold, we can study charm baryons. The decay mode Λ^+_c → pK^−π^+ is important because this is chosen to normalize all other decay rates. Current status is 3.0%< B(Λ_c) <9.7% at 90% confidence level. The lower limit is obtained assuming that B meson decays to baryons are dominated by the process B̄ → Λ^+_c N̄X. This method gives B(Λ_c) = (4.14 ± 0.91)% [14]. The upper limit is obtained using the decays Λ^+_c → Λℓ^+ν and assuming that the Λ final state saturates the rate. This gives B(Λ_c) = (7.7±1.5)% [14]. Using the data taken at Λ_cΛ̄_c threshold CLEO-c can improve the measurement of B(Λ_c) to the precision of 4%. 3.5 Charm Beyond the Standard Model

3.5.1 Mixing and CP violation

CP violation was first discovered in the K^0K̄^0 system in 1964. The strong possibility of observing CP violation in the B^0B̄^0 system was one of the main motivations to construct B-factories. At BaBar, CP violation in the decay B → J/ψK_s was observed in 2001 [24]. The situation is different for the D^0D̄^0 system. The possibility to observe D^0D̄^0 oscillation in the Standard Model is very small. This means that in the D system, the Standard Model background to any non-Standard Model physics is much smaller than in the B and K system. The precise measurement, which is possible in CLEO-c, provides the best opportunity to find something beyond the Standard Model in the flavor oscillations. The sensitivity to flavor oscillation parameters is expected to be under 1%. In the Standard Model, the CP asymmetry is also small in charm decays. However, new physics can vastly enhance charm CP violating asymmetries, thus, making charm a very good place for new physics searches. CLEO-c will have the sensitivity to CP violating asymmetries of better than 1%.

3.5.2 Rare Charm Decays

Rare decays of charmed mesons and baryons are also good places to search for new physics because in the Standard Model these processes occur only at loop level and branching ratios are vanishingly small. Some examples are given in the Table 10. For hard, short distance contributions, the GIM cancellation, which is the cancellation between the contributions of s and d quarks, makes these branching fraction very small. For soft, long distance contribution, the GIM cancellation mechanism is not effective. However, several model-dependent estimates exist and the SM prediction is still far below current sensitivities. CLEO-c will be able to measure these rare decay branching fractions at the level of 10^{−6}.

3.6 Tau Lepton Physics

3.6.1 Measurement of Key Tau Lepton Properties

Key properties of the tau lepton are the masses of the tau lepton and the tau neutrino, the tau lepton lifetime and the branching fractions for significant decay modes. The tau lifetime is well known mainly from LEP experiments.

Tau Lepton Mass

The mass of the tau lepton m_τ is a fundamental parameter of the Standard Model. The most precise measurement of m_τ gives 1776.96^{+0.18+0.25}_{−0.21−0.17}MeV [30] from a scan of the threshold region by the BES experiment in 1996. Measurements at higher energy have large

Decay Mode SM B_{SD} SM B_{LD} New Physics Leptonic D^0 → μ^+μ^− (1 − 20) × 10^{−19} < 3 × 10^{−15} 10^{−9} [26] D^0 → e^+e^− Photonic D^0 → γγ 10^{−16} < 3 × 10^{−9} Radiative D → X_uγ (4 − 8) × 10^{−12} 10^{−12} − 10^{−6} [26] [27] [28] D^0 → ρ^0γ (1 − 5) × 10^{−6} D^0 → ϕ^0γ (0.1 − 3.4) × 10^{−5} FCNC Semileptonic

D → X_uℓ^+ℓ^− 4 × 10^{−9} D^0 → π^0μμ 10^{−9} [26] D^0 → K̄^0ee/μμ < 2 × 10^{−15} D^0 → ρ^0ee/μμ D^+ → π^+ee/μμ few × 10^{−10} < 10^{−8} D^+ → K^+ee/μμ < 10^{−15} D^+ → ρ^+μμ FCNC νν̄ D^0 → X_uνν̄ 2.0 × 10^{−15} D^0 → π^0νν̄ 4.9 × 10^{−16} < 6 × 10^{−16} D^0 → K̄^0νν̄ < 10^{−12} D^+ → X_uνν̄ 4.5 × 10^{−15} D^+ → π^+νν̄ 3.9 × 10^{−16} < 8 × 10^{−16} D^+ → K^+νν̄ < 10^{−14} Lepton-flavor violating

D^0 → X_uνν̄ 0 0 10^{−13} [29]

Table 10: Standard Model short distance (SD) and long distance (LD) branching fractions, and New Physics contributions to rare D^0 decay modes.

Decay Mode Branching Fraction (%) [14] ν_τ μ^−ν̄_μ 17.37 ± 0.07 ν_τ e^−ν̄_e 17.83 ± 0.06 ν_τ π^− 11.09 ± 0.12 ν_τ π^−π^0 25.40 ± 0.14 ν_τ π^−π^+π^− 9.18 ± 0.11 ν_τ π^−π^0π^0 9.13 ± 0.14 ν_τ π^−π^+π^−π^0 4.20 ± 0.08 ν_τ π^−π^0π^0π^0 1.08 ± 0.10

Table 11: World average branching fractions of dominant τ^− decays.

systematic errors, and to improve the precision, measurements in a scan of the threshold region are necessary. CLEO-c should achieve an overall precision of 0.1MeV.

Tau Decay Branching Fractions

The branching fractions of dominant tau decay modes are listed in Table 11. Branching fractions are essential for the test of lepton universality and the measurements of tau mass and lifetime as well as the muon and charged pion lifetimes. The current precision in Table 11 is already good and the B-factory experiments will collect 10-50 times more samples. However, because most of the measurements are systematic-limited, more statistics from B-factory may not improve the precision. The threshold measurements in CLEO-c will have a better control of systematics and will improve the precision.

Tau Neutrino Mass

The current direct limit of the tau neutrino mass is 18.2MeV (95% CL) [31]. Though the sensitivity in the range of 1-5 MeV suggested by previous tau-charm factory studies would be difficult to reach, significant improvement (sub 10MeV level) is possible.

3.6.2 Studies of Weak Coupling and Lepton Universality

Tests of Lepton Universality

Certain decay channels of tau decay are sensitive to lepton universality. For example, the ratio of the charged weak coupling constants of the tau, g_τ , and of the muon, g_μ, in the leptonic decays τ^− → μ^−ν̄_μν_τ is given by ( g_τ g_μ )_2 = τ_μ τ_τ ( m_μ m_τ )_5

B(τ^− → e^−ν̄_eν_τ )(1 + δ_W )(1 + δ_γ ) (14)

where δ_W and δ_γ are well-known weak and EM radiative corrections [32]. This relation tests the transverse W boson couplings [33], while the longitudinal couplings can be tested in

Parameter μ → eν̄ν τ → eν̄ν τ → μν̄ν SM Value ρ 0.7518 ± 0.00026 0.749 ± 0.011 0.752 ± 0.021 3/4 η −0.007 ± 0.013 – −0.013 ± 0.097 0 ξ 1.003 ± 0.008 0.995 ± 0.044 1.046 ± 0.065 1 δ 0.749 ± 0.004 0.735 ± 0.030 0.774 ± 0.043 3/4

Table 12: World average values for the Michel parameters in muon and τ^− decay [14].

comparison of the semi-hadronic decay τ^− → π^−ν_τ with pion decay: ( g_τ g_μ )_2 = τ_π τ_τ ( m_π m_τ )_3 B(τ → πν) B(π → μν)H(m_π, m_μ, m_τ , δ_π) (15)

where H(m_π, m_μ, m_τ , δ_π) = (1 + δ_π) ( 1 − m^2_π/m^2_τ 1 − m^2_μ/m^2_π

)_2

(16)

and the δ_π is another well-known EM radiative correction [34] [35]. The g_τ and g_μ are equal to e sin θ_W in the Standard Model, thus, deviation from unity in either Equation (14) or Equation (15) would be a sign of new physics.

The precise measurements of CLEO-c on m_τ and the tau decay branching fractions will improve the precision of these tests.

Weak Couplings: The Michel Parameters

The lepton energy spectrum, averaged over the outgoing lepton polarization, can be characterized by Michel parameters: ρ, η, ξ and δ [36],

d^2Γ dxd cos θ ∼ x^2 { 3(1 − x) + ρ ( 8 3 x − 2 ) + 3η ( m_ℓ m_τ ) ( 1 − x x )

+P_τ ξ cos θ [ (1 − x) + δ ( 8 3 x − 2 )]} (17)

in the τ rest frame, where x is the scaled energy of the decay lepton x = E_ℓ/E_{max}. P_τ is the tau polarization and θ is the angle between the decay lepton momentum and the tau spin orientation. The current measurements of the Michel parameters determined in tau decays is given in Table 12. The values from muon decay and the Standard Model is also given for comparison. These measurements are mainly statistically limited, thus, large data sample from B-factories will give very precise values. However, CLEO-c has an advantage in measuring η in τ^− → μν̄_μν_τ . It is difficult to measure η at higher energies since the boost smears out the part of Michel spectrum that is sensitive to it, and because muon identification in the sensitive part of the spectrum is difficult.

3.6.3 Direct Search for Non-Standard Model Physics

Non-Standard Model processes can be studied using tau decay. In some cases such as the neutrinoless tau decay τ → μγ, CLEO-c cannot compete with a B-factory. However, in the following cases, CLEO-c has advantages because of the tau decay kinematics in the threshold region.

• Search for τ^− → π^−ν_X

Use of the π^−ν decay mode to search for the possible exotic decay with an unknown massive neutrino.

• Search for τ^− → e^−G

Study of the lepton spectrum in τ^− → e^−ν̄_eν_τ and τ^− → μ^−ν̄_μν_τ to look for anomalous contributions. An example is a weakly interacting spin 0 or 1 neutral particle G, in the above two-body decay.

• Study of Radiative Decays

Search for anomalous couplings in the radiative decays τ^− → e^−ν̄_eν_τ γ and τ^− → π^−ν_τ γ.

• Searches for CP Violation in Tau Lepton Decay

3.7 Nonperturbative QCD

CLEO-c provides experimental data needed to validate and improve theories of nonperturbative QCD including Lattice QCD. The technology of Lattice QCD, for example, is now in hand to provide ∼ 1% accuracy for calculations of masses , form factors, and so on. CLEO-c will provide measurements with a few percent precision to confront these calculations: 1-2% tests of CKM unitarity and charm meson decay constants and form factors as described above, and precision measurements of charmonium and bottomonium spectroscopy as well as the discovery potential of new states of matter in the hadron spectra as will be discussed in this section.

3.7.1 Quarkonia: The cc̄ and bb̄ states

The spectrum of the bb̄ bound states below BB̄ threshold is still incomplete, though almost all the cc̄ states below DD̄ threshold have been found. The next generation of lattice QCD calculation will predict all narrow cc̄ and bb̄ properties such as mass with accuracy ∼ 1%. Table 13 gives an overview of the current precision on the leptonic widths, transition rates and hyperfine splitting in the bb̄ system. There is a need to improve these precision to meet the precision of lattice QCD calculation. From the ∼ 4pb^{−1} data of CLEO-c collected over Υ(1S), Υ(2S) and Υ(3S) resonances before the conversion to low energy, the following will be measured with 2-3% accuracy.

• Leptonic width for the Υ(nS) states

This is related to decay constants of mesons with open flavor [37]

Resonance Parameter Precision Υ(1S) Γ 3.4% Γ_{ee} 4% Υ(2S) Γ 16% Γ_{ee} 6% B(Υ(2S) → γχ_b(1P )) 10-20% Υ(3S) Γ 13% Γ_{ee} 12% B(Υ(3S) → γχ_b(2P )) 5-11% χ_b(1P ) B(χ_b(1P ) → γΥ(1S)) ∼ 20% or greater χ_b(2P ) B(χ_b(2P ) → γΥ(nS)) 15-50% χ_b(2P ) Hyperfine Mass Splittings 4%

Table 13: The current status of selected bottomonium resonance parameters [14]

• Photonic transition matrix elements

This is related to form factors in semileptonic decays of open flavor mesons.

After the conversion, the same measurements will be done for the cc̄ states.

3.7.2 Exotica: Searches for New Forms of Matter

CLEO-c will also make spectroscopic searches for new states of matter. For example, Quark-gluon “hybrid” states such as cgc̄ and bgb̄ and purely gluonic “glueballs” are expected. Masses, widths, spin-parity quantum numbers, decay modes and production mechanisms will be established for any states that are identified. Using ψ → γgg → γX process, the region of 1GeV/c^2 < M_X < 3GeV/c^2 will be explored with partial wave analysis for evidence of scalar or tensor glueballs, glueball-qq̄ mixtures, exotic quantum numbers, quark-glue hybrids, and so on. For example, glueball candidates such as the tensor candidate f_J (2220) and the scalar candidates f_0(1710), f_0(1500) and f_0(1370) will be explored in detail. In addition, the inclusive photon spectrum in J/ψ → γX will be examined with < 20MeV photon energy resolution. States with up to 100MeV/c^2 width and inclusive branching ratios above 1×10^{−4} will be identified.

Analysis of Υ(1S) → γX will provide a good cross check for any glueball candidate found in J/ψ data.

3.8 Measurement of R

The ratio R = σ(e^+e^− → hadrons) σ(e^+e^− → μ^+μ^−)

(18)

will be measured at a few values of √ s with a precision of 2% per point. This will supplement the BES survey.

R measurement can be utilized to measure α_s and to test perturbative QCD. Through dispersion relations, it provides the only input to the calculations of the hadronic corrections to the anomalous magnetic moment of the muon (g − 2)_μ [38] [39]. The R value is also critical to the value of the running coupling constant α(s), particularly its magnitude at the Z^0 mass α(M_Z ) [38] [39] [40]. Calculations of these values are currently limited by the uncertainties of R at low energy between 1 and 5 GeV. CLEO-c will fill these gaps with high precision measurements.

4 The Impact of CLEO-c on BABAR

The BaBar experiment uses events produced by the 9 GeV electron, 3.1 GeV positron, asymmetric collider, PEP II at SLAC. These beam energies are tuned to produce the Υ(4S) resonance, √ s = 10.6GeV, to produce B meson pairs (B^0B̄^0 pairs and/or B^+B^− pairs). By the end of run3, in August, 2003, ∼ 130fb^{−1} of BB̄ data was collected. BaBar is expected to run until 2006 or 2007, and a total of 500 or 600 pb^{−1} of data is expected to be collected. This will include 500 million or more continuum e^+e^− → cc̄ events. CLEO-c will not have any advantage in statistics or in detector performance. However, because CLEO-c takes data at charm threshold, it will have advantages to continuum cc̄ events taken by BaBar.

The impact of CLEO-c on BaBar is briefly described in the previous section. In this section, we will take a closer look at extraction of the CKM matrix elements |V_{cb}| and |V_{ub}| because these are the most evident examples of the impact.

4.1 Extraction of |V_{cb}| from the Exclusive decay B̄^0 → D^{∗+}ℓ^−ν̄_ℓ

4.1.1 HQET behind the Analysis of B̄^0 → D^{∗+}ℓ^−ν̄_ℓ

Let us consider an analysis of the exclusive decay B̄^0 → D^{∗+}ℓ^−ν̄_ℓ done at BaBar [41]. The D^{∗+} candidate was selected in the decay mode D^{∗+} → D^0π^+_{slow} and the D^0 meson was reconstructed in the three modes K^−π^+, K^−π^+π^+π^− and K^−π^+π^0. The π^0 is reconstructed from two photons. In the framework of HQET, the expected number of signal events N of B̄0 → D∗+ℓ−ν̄_ℓ decay can be expressed as a function of w, where w is the product of the B̄0 and D^{∗+} four-vector velocities. The expression is dN dw = 4N_Υf_{00}B(D^{∗+} → D^0π^+_{slow})B(D^0 → K^−nπ)ϵ(w) dB(B̄^0 → D^{∗+}ℓ^−ν̄_ℓ) dw dB dw = G^2_F 48π^3τ_B0

M^3_D∗+ (M_B0 − M_D∗+ )^2 √ w^2 − 1(w + 1)^2

×|V_{cb}|^2F^2(w) [ 1 + 4w 1 + w

1 − 2wr + r^2 (1 − r)^2 ] (19)

where, N_Υ is the number of Υ(4S) produced, f_{00} is the fraction

f_{00} =

Γ(Υ(4S) → B^0B̄^0) Γ(Υ(4S))

(20) ϵ(w) is the w-dependent reconstruction efficiency which is determined by the detector simulation. τ_B0 is the lifetime of B^0, F(w) is a form factor, and r is the ratio of meson masses r = M_D∗+ M_B0

(21)

The factor 4 in the Equation (19) accounts for the fact that two B mesons are produced in each event and both electrons and muons are used. The point of the Equation (19) is that in the heavy quark symmetry, the three form factors V , A_1 and A_2 (or three helicity amplitudes H_+, H_− and H_0 in the Equation (10)) can be related to a single function F(w), which coincides with the universal Isgur-Wise function ξ(w). The form factor F(w) can be expanded as the following equation because 1 ≤ w ≤ 1.5 and (1 − w) is smaller than 1.

F(w) = F(1) ( 1 + ρ^2_F (1 − w) + c(1 − w)^2 + O((1 − w)^3) ) (22)

where ρ_F gives the slope of the form factor (referred to as the charged radius) and, based on dispersion relations, c is given by

c = 0.66ρ^2_F − 0.11 (23)

We can introduce a new function (axial vector form factor) A_1(w) which is related to F(w) by F^2(w) [ 1 +^{4w}_{1+w}^{1−2wr+r2}

(1−r)^2 ] = A^2_1(w) { 2^{1−2wr+r2} (1−r)^2 [ 1 +^{w−1}_{w+1} R_1(w)^2 ] + [ 1 +^{w−1}_{1−r} (1 − R_2(w))

]_2} (24)

where, R_1 and R_2 are ratios of vector and axial vector form factors. A_1(w) can be parametrized using a single parameter ρ^2_{A1} as follows

A_1(w) = A_1(1) [ 1 − 8ρ^2_{A1} z + (53ρ^2_{A1} − 15)z^2 − (231ρ^2_{A1} − 91)z^3 ] (25)

where z = √ w + 1 − √ 2 √ w + 1 + √ 2 (26)

It should be noted that, in the limit of w → 1, A_1(w) → F(w), and A_1(1) = F(1).

4.1.2 Experimental technique and Results

The values listed in the Table 14 were determined in independent measurements [41]. As stated above, ϵ(w) was determined by the detector simulation. To normalize the Monte Carlo distribution to the data, the angle between the B^0 and the pseudo-particle obtained by adding the D^{∗+} and the ℓ^− four momenta:

cos θ_B0_{,D}∗_ℓ =

−(M^2_B0 + M^2_D∗+ − 2E_B0 E_D∗+ ) + M^2_{miss} 2p_B0 p_D∗_ℓ

(27)

Parameter Value Uncertainty B(D^{∗+} → D^0π^+) 67.7 ± 0.5% 0.7% B(D^0 → K^−π^+) 3.80 ± 0.09% 2.3% B(D^0 → K^−π^+π^+π^−) 7.46 ± 0.31% 4.2% B(D^0 → K^−π^+π^0) 13.1 ± 0.9% 6.9%

τ¯_{Bd} 1.548 ± 0.018 ps 1.2% f_{+−}/f_{00} 1.055 ± 0.055 5.2%

Table 14: Values of inputs [14]

is used, where M_{miss} is the invariant mass of all the other particles produced in associate with the lepton and the D^{∗+} in the decay of the B^0. M_{miss} ≃ 0 because a neutorino is the only missing particle. w can be determined experimentally by this equation: w = M^2_B0 + M^2_D∗+ − q^2 2M_B0 M_D∗+

(28)

where q^2 = (p_B0 − p_D∗+ )^2. W varies sice we do not know the direction of B^0 momentum (we only know its magnitude). Hence, the two extreme values corresponding to the minimal and maximal angles between the B^0 and the D^{∗+} are used to define

w̃ = w_{min} + w_{max} 2 (29)

Data and Monte Carlo simulated events are collected in ten equal-sized w̃ bins and fitted to determine A_1(1)|V_{cb}| and ρ^2_{A1} .

Results are [41]

A_1(1)|V_{cb}| = (34.03 ± 0.24 ± 1.31) × 10^{−3} (30) ρ^2_{A1} = 1.23 ± 0.02 ± 0.28 (31) B(B̄^0 → D^{∗+}ℓ^+ν̄_ℓ) = (4.68 ± 0.03 ± 0.29)% (32)

where the first error is statistical and the second is systematic. Using the value

A(1) = F(1) = 0.913^{+0.030}_{−0.035} (33)

based on a lattice QCD calculation [42], |V_{cb}| was computed:

|V_{cb}| = (37.27 ± 0.26(stat.) ± 1.43(syst.)^{+1.48}_{−1.23}(th.)) × 10^{−3} (34)

4.1.3 Sources of Uncertainties and Impact from CLEO-c

The statistical uncertaintiy on |V_{cb}| is 0.7%, whereas the systematic uncertainty is 3.8% and theoretical uncertainty is 3.9%. Thus, more statistics cannot improve the results very much. The systematic uncertainty of the above analysis is summarized in Table 15 [41]. The

Errror contribution δA_1(1)|V_{cb}|/A_1(1)|V_{cb}| (%) δρ^2_{A1} δB/B (%) Statistics (data and MC) 0.7 0.02 0.8 Particle identification 0.5 - 0.9 π_{slow} efficiency 1.3 0.02 1.9 Tracking & π^0 efficiency 1.3 - 2.7 D^{∗+}ℓ^− vertexing efficiency 0.5 - 1.0 w fit method 0.6 0.02 1.2 cos θ_B0_{,D}∗_ℓ χ^2 fit binning 0.5 - 1.0 D^{∗∗} background composition 1.8 0.06 2.0 Total number of B produced 0.6 - 1.1 Υ(4S) rest frame B momentum 0.3 - 0.7 R_1(1) and R_2(1) 1.8 0.27 1.8 Total systematic eror 3.4 0.28 5.0 τ_B0 0.6 - - B(D^0) 1.1 - 2.0 B(D^{∗+} → D^0π^+) 0.4 - 0.7 B(Υ(4S) → B^0B̄^0) 1.3 - 2.7 Total systematic eror 1.8 - 3.5

Table 15: Summary of all statistical and systematic errors on B̄^0 → D^{∗+}ℓ^−ν̄_ℓ analysis.

main sources of systematic uncertainties are tracking efficiencies, D^{∗∗} background composition, R_1(1) and R_2(1), B(D^0), and B(Υ(4S) → B^0B̄^0). CLEO-c will reduce the uncertainties of B(D^0) from the current 5% level to 1% level, and CLEO-c will also help to understand D^{∗∗} background structure. In this analysis, the CLEO results of R_1(1) and R_2(1) were used [43]. New BaBar measurements are expected to reduce their uncertainties significantly. In addition, more accurate unquenched lattice QCD calculations of A(1) = F(1) are going to be done by the time CLOE-c produces meaningful results. Hence, we can expect significant improvement of |V_{cb}| results after CLEO-c.

4.2 Extraction of |V_{ub}| from the Exclusive decays B^0 → ρ^−e^+ν and B^0 → π^−e^+ν

4.2.1 Theories for Exclusive decay B → ρℓν

HQET cannot be applied to the exclusive decay B → ρℓν as it was to B → D^∗ℓν because non-charm mesons such as π and ρ do not include heavy quarks. No particular theory can make a good prediction. An analysis done at BaBar [44], for example, used five different form factor calculations: the two quark models ISGW2 and Beyer/Melikhov, the lattice calculation by the UKQCD group, a model based on light cone sum rules (LCSR), and a model based on heavy quark and SU(3) symmetries (Ligeti/Wise). The UKQCD and LCSR calculations directly use QCD, whereas the quark models are more phenomenological. To

Form factor Γ̃_{thy} (ps^{−1}) Uncertainty (%) ISGW2 14.2 ±50 LCSR 16.9 ±32 UKQCD 16.5^{+21}_{−14} Beyer/Meilkhov 16.0 ±15 Ligeti/Wise 19.4 ±29

Table 16: Γ̃_{thy} predictions from various form factor calculations.

extract V_{ub}, the following equation is used V_{ub} = B(B^0 → ρ^−e^+ν) Γ̃_{thy}τ_{B0} (35)

where Γ̃_{thy} is the predicted form factor normalization. Values of Γ̃_{thy} and theoretical uncertainties are given in Table 16.

4.2.2 Sources of Uncertainties and Impact from CLEO-c

Systematic uncertainties of the above analysis is summarized in Table 17 ( theoretical errors are not included here), and determined |V_{ub}| is shown in Figure 3 [44]. The first error is statistic, the second is systematic and the third is theoretical, and they are 6.2%, 7.3% and 16% respectively. Hence, the biggest souce of uncertainty is the theoretical error. CLEO-c will drive the improvement of theoretical calculations by measuring related form factors of D → πℓν and D → ρℓν with 2% accuracy. In fact, the UKQCD calculation which is used in this analysis is based on the quenched approximation, thus, we can expect better accuracy if they perform an unquenched calculation. Statistical error will be reduced because more data is planned to be taken at BaBar, and systematic error will be also reduced because analysis techniques and the understanding of b → c and b → u background structure are expected to be improved.

4.2.3 Decay Mode B → πℓν

The decay mode B → πℓν is theoretically much cleaner than the mode B → ρℓν because pion is a scalar meson and only one form factor is involved. Thus, we can expect better theoretical calculations of the form factor and better results of |V_{ub}|. Hence, CLEO-c claimes that if theoretical calculation is improved, 5% accuracy of |V_{ub}| determination is possible by combining main exclusive decay modes. A few B → πℓν analysis are currently on going at BaBar.

Figure 3: |V_{ub}| determined using different form factors and the combined value.

Errror contribution δB_ρ/B_ρ (%) Tracking efficiency ±5 Tracking resolution ±1 Photon/π^0 efficiency ±5 Photon/π^0 energy scale ±3 b → c background composition^{+1.4}_{−1.7} Resonant b → u background composition^{+6}_{−4} Non-resonant b → u background ±9 B lifetime ±1 B counting ±1.6 Fake electrons < ±1 Electron ID ±2 f_±/f_{00} < ±1 Data selection ±6 Fit method^{+4}_{−6} Total systematic eror ±15.5

Table 17: Summary of systematic errors on B^0 → ρ^−e^+ν analysis.

5 Summary

The high statistics and low background environment of CLEO-c, when running at charm threshold, allows high precision measurements:

• Form factors f_D and f_{Ds} : 1.6-2.3%.

• Leptonic D decay branching fractions: 3-5%.

• Exclusive semileptonic D decay branching fractions: 0.36-2.38%.

• Inclusive semileptonic D decay branching fractions: 0.8-1.7%.

• Hadronic D decay branching fractions: 1-5%.

• |V_{cd}| and |V_{cs}|: 1.4% and 1.2% respectivly.

• Tau lepton mass: 0.1MeV.

• R: 2%.

These high precision mesurements have a big impact on BaBar (a B-factory), especially on the determination of |V_{cb}| and |V_{ub}|. CLEO-c will also provide a good place to search for new physics by measureing rare D decays, tau decays, cc̄ states, etc.

References

[1] The CLEO-c Project Description,

http://www.lns.cornell.edu/public/CLEO/spoke/CLEOc/index.html [2] N. Cabbibo, Phys. Rev. Lett. 10, 531 (1963).

[3] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973). [4] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983).

[5] A. S. Kronfeld, in: Perspectives in the Standard Model, Proceedings of the Theoretical Advanced Study Institute in Elementary Particle Physics, Boilder, Colorado, June 1991, edited by R. K. Ellis, C. T. Hill and J. D. Lykken (World Scientific, Singapore, 1992), p 421.

[6] E. Leader and E. Predazzi, An Introduction to Gauge Theories and Modern Particle Physiccs, Vol 2 (Cambridge Univ. Press, 1996) p.304.

[7] S. Ryan, talk at 19th International Symposium on Lattice Field Theory, Berlin, Germany (19-24 AUG, 2001), Nucl. Phys. Proc. Suppl. 106, 86 (2002) [hep-lat/0111010].

[8] A. V. Manohar and M. B. Wise, Heavy Quark Physics (Cambridge Univ. Press, 2000) [9] J. D. Richman and P. R. Burchat, Rev. Mod. Phys. 67, 893 (1995). [10] BES Collaboration, J. Z. Bai et al., Phys. Lett. B429, 188 (1998). [11] CLEO Collaboration, M. Chadha et al., Phys. Rev. D58, 032002 (1998) [hep-ex/971204]. [12] L3 Collaboration, M. Acciarri et al., Phys. Lett. B396, 237 (1997). [13] M. Suzuki, in: K. Hagiwara et al., Phys. Rev. D66, 010001 (2002). [14] K. Hagiwara et al., Phys. Rev. D66, 010001 (2002).

[15] CLEO Collaboration, M. Artuso et al., Phys. Rev. Lett. 80, 3193 (1998). [16] ALEPH Collaboration, R. Barate et al., Phys. Lett. B408, 469 (1997). [17] CLEO Collaboration, R. Balest et al., Phys. Rev. Lett. 72, 2328 (1994). [18] MARK III Collaboration, J. Adler et al., Phys. Lett. B196, 107 (1988). [19] CLEO Collaboration, M. Artuso et al., Phys. Lett. B378, 364 (1996). [20] BES Collaboration, J. Z. Bai et al., Phys. Rev. D58, 092006 (1998). [21] BES Collaboration, J. Z. Bai et al., Phys. Lett. B355, 374 (1995).

[22] J. Swain and L. Taylor, hep-ph/9712420, hep-ph/9712421.

[23] A. S. Kronfeld, “B and D Mesons in Lattice QCD”, Mini-review from XXXth Int. Conf.

on High Energy Physics, Osaka, Japan (2000) [hep-ph/0010074] [24] BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett. 87, 091801 (2001) [hepex/0107013].

[25] C. Jarlskog, in: CP Violation, edited by C. Jarlskog (World Scientific, Singapore, 1989), p 3.

[26] K. S. Babu, X. G. He, X. Li and S. Pakvasa, Phys. Lett. B205, 540 (1988). [27] S. Prelovsek and D. Wyler [hep-ph/0012116].

[28] I. I. Bigi, F. Gabbiani and A. Masiero, Z. Phys. C48, 633 (1990) [29] G. G. Volkov, V. A. Monich and B. V. Struminski, Yad. Fiz. 34, 435 (1981) [30] BES Collaboration, J. Z. Bai et al., Phys. Rev. D53, 20 (1996). [31] Aleph Collaboration, H. N. Brown et al., Phys. Rev. D61, 112002 (2000). [32] W. J. Marciano and A. Sirlin, Phys. Rev. Lett. 61, 1815 (1988). [33] W. J. Marciano, in Proceedings of the Second Workshop on Tau Lepton Physics, edited by K. K. Gan, (World Scientific, Singapore, 1993), p. 502.

[34] R. Decker and M. Finkemeier, Phys. Lett. B 344, 199 (1994). [35] W. J. Marciano and A. Sirlin, Phys. Rev. Lett. 71, 3629 (1993). [36] D. Bailin, Weak Interactions, 2nd Ed., (Adam Hilger LTD¿, Bristol, 1982) p.80. [37] D. Besson and T. Skwarnicki, Ann. Rev. Nucl. Part. Sci 43, 333 (1993). [38] S. Eidelman and F. Jegerlehner, A. Phys. c 67, 585 (1995). [39] M. Davier and A. Höcker, Phys. Lett. B 435, 427 (1998) [40] H. Burkhardt and B. Pietrzyk, Phys. Lett. B 356, 398 (1995). [41] BABAR Collaboration, B. Aubert et. al. [hep-ex/0308027]. [42] S. Hashimoto et al., Phys. Rev. D 66, 014503 (2002).

[43] CLEO Collaboration, J. E. Duboscq et. al., Phys. Rev. Lett. 76, 3898 (1996). [44] BABAR Collaboration, B. Aubert et. al. [hep-ex/0207080].