arXiv:hep-ex/0412047 v1 15 Dec 2004

International Journal of Modern Physics A © World Scientific Publishing Company

CP violation, an experimental perspective^∗

OWEN LONG^† Department of Physics, University of California, Riverside, CA, 92521, USA

I present a review of current and near-future experimental investigations of CP violation. In this review, I cover limits on particle electric dipole moments (EDMs) and CP violation studies in the K and B systems. The wealth of results from the new B factories provide impressive constraints on the CKM quark mixing matrix elements. Current and future measurements are focusing on processes dominated by loop diagrams, which probe physics at high mass scales in low-energy experiments.

Keywords: CP violation, B physics, K physics, electric dipole moments.

1. Introduction

The experimental investigation of CP violation seeks to answer profound questions about nature. One that is often mentioned is, ”Why is the universe made entirely of matter?” The answer to this question must include some kind of CP violation1. That is, nature can not be symmetric under the combined operation of charge conjugation C and parity inversion P . In the Standard Model, CP violation is due to the irreducible phase contained in the 3-generation CKM quark-mixing matrix2. However, the baryon asymmetry in the universe is difficult, if not impossible, to explain with CP violation from the CKM matrix. Neutrino experiments have recently shown that neutrinos are not massless particles, as is assumed in the Standard Model. This opens the possibility of explaining the baryon asymmetry in the universe with CP violation arising from flavor mixing in the lepton sector (the so-called theory of leptogenesis3). Another possibility is that the CP violation involved in generating the baryon asymmetry is due to physics beyond the Standard Model, such as supersymmetry4.

The study of CP violation addresses the following more general question, ”What, if anything, lies beyond the Standard Model of particle physics?” There are several well-motivated reasons for suspecting that the Standard Model is not the final theory of particle physics 5. In many extensions of the Standard Model, CP violation is not naturally suppressed. One can search for new physics by testing the predictions

∗Invited plenary talk, DPF meeting, August 2004. †owen@slac.stanford.edu 1

2 Owen Long

the Standard Model makes for a wide variety of CP violating observables. New CP - violating phases from non-Standard Model virtual particles in loop corrections can provide a window to discovering new physics at high mass scales. This approach is most promising when the Standard Model process is naturally suppressed. In many cases, the Standard Model prediction for the CP violating observable is quite precise, in which case a significant discrepancy would be a clear sign of new physics.

2. Particle Electric Dipole Moments

A non-zero electric dipole moment (EDM) of a particle, such as a neutron, electron, or muon, violates both parity (P ) and time-reversal (T ) symmetry6. This is because the EDM must lie along the direction of the spin vector of the particle. The energy of a particle in an electric field is given by −d ⃗s · ⃗E, where d is the EDM. Under parity inversion, the sign of ⃗E changes, while ⃗s remains the same, since angular momentum is an axial vector (⃗l = ⃗r × ⃗p), thus the term of the Hamiltonian given above changes sign under parity. Similarly, time reversal changes the spin direction while leaving ⃗E the same, changing the sign of the EDM term in the Hamiltonian. The CP T theorem, a fundamental principle of quantum field theory, states that nature is invariant under the combined operation of C, P , and T . This implies that T violation must be compensated by a similar amount of CP violation.

In the Standard Model, particle EDMs are extremely small, since the leading contributions are from 3-loop diagrams. A non-zero particle EDM has never been observed. The current experimental limits are all orders of magnitude above the Standard Model estimates. In some new physics scenarios, particle EDMs are greatly enhanced. For instance, the leading supersymmetric EDM contributions enter at the one-loop level. I present the current and future experimental sensitivity to the muon and neutron EDM in the remainder of this section.

2.1. The EDM of the muon

The g − 2 experiment at Brookhaven has recently released a new preliminary upper limit7 on the muon EDM. The primary mission of the g-2 experiment was to make the most precise measurement of the anomalous magnetic moment of the muon (a_μ ≡ (g − 2)/2). The precession of the muon spin, due to the anomalous magnetic moment, is given by ⃗ω_p = e m_μc a_μ ⃗B, (1) where ⃗B is the strength of the uniform magnetic field of the storage ring. The spin precesses in the plane of the storage ring (i.e. ⃗ω_p is parallel to ⃗B). The electrons from muon decay are preferentially emitted along the direction of the muon spin. This allows the average muon spin to be tracked by detecting the position of the decay electrons at several locations around the storage ring.

CP violation, an experimental perspective 3

If the muon has a small, non-zero EDM d_μ, the precession vector in Equation 1 becomes ⃗ω_p = e m_μc [ a_μ ⃗B + 1 2 f ( ⃗β × ⃗B )] , (2)

where f is proportional to the muon EDM (d_μ = f^{eℏ}_{4mc} ). The EDM contribution, due to the induced electric field in the muon rest frame, is in the radial direction. The muon spin precession plane is now slightly tilted with respect to the plane of the storage ring. The experimental technique is to detect this small tilt by monitoring the vertical position of the decay electrons. The vertical displacement from d_μ will be exactly 90^∘ out of phase with respect to the g − 2 precession and have the frequency ω_p. Significant vertical displacements due to detector misalignment combined with coherent betatron oscillations of the beam must be carefully removed in the data analysis.

The result of the analysis 7 is d_μ = (−0.1 ± 0.7 ± 1.2) × 10^{−19} e-cm, consistent with zero. The 95 % C.L. upper limit is d_μ < 2.8 × 10^{−19} e-cm, which is about a factor of 4 lower than the previous limit8. This is still 16 orders of magnitude above the Standard Model estimate d_μ ≈ 10^{−35} to 10^{−38} e-cm. However, there are a few new-physics scenarios 9 which allow d_μ to be as large as just 1 to 7 orders of magnitude below the current limit. The next generation experiment10 hopes to extend the sensitivity by another 4 orders of magnitude by “freezing” the g − 2 precession with a strong radial E field, thus removing the largest source of systematic error. In this case, the only spin precession is due to the EDM, which would produce a significant up-down asymmetry in the decay electrons for a d_μ close to the current limit.

2.2. The EDM of the neutron

The current best constraint on the EDM of the neutron comes from the RAL/Sussex experiment at ILL 11. It uses the Ramsey resonance technique to measure the precession frequency of polarized ultra-cold neutrons in a volume with parallel or antiparallel E and B fields. The precession frequency is given by

ω_p = 1 ℏ [ 2 ⃗μ_n · ⃗B + 2 ⃗d_n · ⃗E ] (3) where μ_n and d_n are the neutron magnetic and electric dipole moments respectively. It is easy to see that the difference in ω_p measured with E parallel and antiparallel to B gives d_n through the relation Δω =^1_ℏ [ 4 ⃗d_n · ⃗E ] . It is essential to continuously monitor the strength of the static B field in order to avoid a false EDM signal due to drift of the B field between the ω_p measurements with E parallel and antiparallel to B. This was achieved by simultaneously and continuously measuring the precession frequency of^{199}Hg within the same volume as the ultra-cold neutrons. Using^{199}Hg as a co-magnetometer removed what was the largest source of systematic uncertainty in the previous round of experiments.

4 Owen Long

The experiment11 measured d_n = (−3.4 ± 3.9 ± 3.1) × 10^{−26} e-cm, consistent with zero. The 90% C.L. upper limit is |d_n| < 6.3 e-cm, which is 5 orders of magnitude above the Standard Model estimates12 of d_n which are in the range d_n ≈ 10^{−33} to 2 × 10^{−31} e-cm. Even though this impressive experimental result is consistent with zero, it tells us quite a bit about possible new physics scenarios. For example, one-loop contributions to the neutron EDM in SUSY can give values of order |d_n(SUSY)| ≈

(_{100 GeV} m ) sin ϕ_{A,B} ×10^{−23} where m is the supersymmetric mass scale and ϕ_{A,B} are model-dependent phases. If the SUSY mass scale is of order 100 GeV, the current d_n limit implies that ϕ_{A,B} must be small (of order 10^{−3}) 13.

The d_n limit also address a long-standing mystery of the Standard Model – the so-called “strong CP problem.” The most general QCD lagrangian contains a term that would give rise to a d_n of order |d_n(QCD)| ≈ 3 × 10^{−16} θ̄. The Standard Model provides no explanation for why θ̄ must be so small (at least 10^{−10}). Pecci and Quinn proposed a solution14, which adds a new symmetry to the Standard Model and predicts the existence of a new particle (the axion), which has yet to be observed.

The proposed next-generation LANSCE neutron EDM experiment15 hopes to increase the d_n sensitivity by another 2 orders of magnitude.

3. CP Violation in the Standard Model

CP violation in the Standard Model is due to the irreducible complex phase within the 3-generation, CKM2 quark-mixing matrix^a. The electroweak coupling strength in the reaction W^+ → q_iq̄_j is proportional to the CKM matrix element V_{ij} where q_i = (u, c, or t) and q̄_j = (d̄, s̄, or b̄). For the CP -conjugate reaction W^− → q̄_iq_j, the CKM matrix element is replaced by its complex conjugate V^∗_{ij}. If V_{ij} has a non-trivial phase (not 0 or π), this phase violates CP . The CP violating phase is only observable through the quantum-mechanical interference of at least two amplitudes which have both non-zero CP conserving and CP violating relative phase differences.

Wolfenstein introduced a very useful parameterization of the CKM matrix16 in terms of 4 fundamental parameters (λ, A, ρ, η), V = V_{ud} V_{us} V_{ub} V_{cd} V_{cs} V_{cb} V_{td} V_{ts} V_{tb} ≈ 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), (4)

which is an expansion in powers of λ ≡ sin θ_c ≈ 0.22, where θ_c is the Cabibbo angle. In this parameterization, two important features are evident: the most off-diagonal elements (V_{ub} and V_{td}) 1) are the smallest and 2) contain the non-trivial phase information. The phase of V_{ub} can be experimentally probed in B rare charmless

aNow that we know that neutrinos are not massless, a complex phase within the neutrino mixing matrix provides another mechanism for CP violation. However, only CP violation arising from the CKM matrix is relevant for the rest of this discussion.

CP violation, an experimental perspective 5

Fig. 1. The box diagram on the left is an amplitude relevant for neutral B and K meson mixing. The penguin diagram on the right describes an effective flavor-changing neutral current for some rare K and B decays. The amplitudes are proportional to the phase of V^∗_{td} (squared for the box diagram), due to the presence of the virtual top quark in the loop.

decays. The phase of V_{td} enters through loop diagrams, such as the box diagrams describing B^0 or K^0 mixing or penguin diagrams shown in Figure 1.

4. CP Violation in the Kaon System

CP violation was discovered 40 years ago in a famous experiment17 at the Brookhaven National Laboratory where the decay K_L → π^+π^− was observed for the first time. The π^+π^− final state is CP even and is the dominant decay of the K_S meson. If CP is conserved, only one of either the K_S or the K_L can decay to π^+π^−, but not both18.

This kind of CP violation is called indirect CP violation or CP violation in mixing. It is due to the interference in K^0 ↔ K̄^0 mixing between the amplitudes describing transitions through virtual intermediate states (e.g. the box diagram) and on-shell intermediate states (e.g. K^0 → ππ → K̄^0).

4.1. Direct CP violation

The second important kind of CP violation in the kaon system does not depend on K^0 ↔ K̄^0 mixing. If the CP violation is due to at least two decay amplitudes directly interfering, it is called “direct CP violation.” Establishing this kind of CP violation has been the focus of a series of dedicated experiments.

The direct-CP violating observable is the double ratio

Γ (K_L → π^+π^−) /Γ (K_S → π^+π^−) Γ (K_L → π^0π^0) /Γ (K_S → π^0π^0) = | | | | η_{+−} η_{00} | | | | 2 ≈ 1 + 6 Re (ϵ^′/ϵ) (5)

The NA4819 and KTeV20 recently published their results that removed doubt about whether Re (ϵ^′/ϵ) is non-zero. The latest world average21 is Re (ϵ^′/ϵ) = (16.7 ± 2.3) × 10^{−4}. This result rules out the superweak theory of CP violation22, where CP violation is entirely from neutral meson mixing. The measured value of Re (ϵ^′/ϵ) is consistent with the Standard Model calculations, however large theoretical uncertainties from the calculation of hadronic matrix elements prevent this from being a precision test.

6 Owen Long

4.2. The Golden Mode – K_L → π^0νν̄

A decay mode that is the focus of much current and future experimental effort is the so-called “golden mode” K_L → π^0νν̄. The decay amplitudes are dominated by electroweak loop diagrams. The hadronic physics can be calibrated with the common K^+ → π^0e^+ν decay. This makes the calculation of the branching fraction extremely reliable. The branching ratio is proportional to Im (V_{td}V^∗_{ts}) = ηA^2λ^5, thus giving access to the Wolfenstein parameter η. Some new physics scenarios can enhance the branching fraction by up to 2 orders of magnitude23 above the Standard Model prediction24 of (3.0 ± 0.6) × 10^{−11}.

Observing this decay is extremely challenging. The K_L can’t be fully reconstructed due to the unobserved neutrinos. The main background is from the decay K_L → π^0π^0 has a branching fraction is 10^7 times larger than K_L → π^0νν̄. The two additional photons from the extra π^0 in this mode must be detected with extremely high efficiency in order to veto the π^0π^0 background.

The best direct experimental limit on the branching fraction is from KTeV25, where they used π^0 → e^+e^−γ. They found B(K_L → π^0π^0) < 5.9 × 10^{−7} at 90% C.L., which is well above the predicted value. An indirect limit can be derived 28 using the branching fraction from the related decay K^+ → π^+νν̄. Using the latest results from the E949 experiment at BNL26 gives

B(K_L → π^0νν̄) < 4.4 × B(K^+ → π^+νν̄) B(K_L → π^0νν̄) < 1.7 × 10^{−9} 90% C.L.,

which is only 2 orders of magnitude to the predicted value. The E391a experiment at KEK27 is the first dedicated experiment for measuring the K_L → π^0νν̄ branching fraction. It’s considered a pilot project, since the estimated sensitivity is a factor of a few above the Standard Model prediction. Using the data that were taken earlier this year, they expect to have a sensitivity of about 4 × 10^{−10}. We eagerly await the E391a results, since some new physics models23 allow for an enhancement of the branching fraction which could drive it up to or above the E391a sensitivity.

5. CP Violation in the B System

The B system is an excellent place to test the Standard Model description of CP violation. Unlike the kaon system, the observable CP asymmetries are large (of order 1). The theoretical uncertainty in calculation of the expected CP asymmetry is extremely small in some special cases (about 1% or less), allowing for precision tests of the theory. Two new asymmetric-energy B factories were built specifically for making these measurements – the PEP-II storage ring with the Babar experiment at SLAC and the KEKB storage ring with the Belle experiment at KEK. Each experiment has accumulated data samples of well over 200 million BB̄ events over the last 3.5 years. As I will describe below, these enormous datasets have taken our understanding of CP violation in the Standard Model to a new level of precision.

CP violation, an experimental perspective 7

Fig. 2. The Unitarity Triangle from the CKM unitarity constraint V^∗_{ub}V_{ud} + V^∗_{cb}V_{cd} + V^∗_{tb}V_{td} = 0. CP asymmetries in B decays are sensitive to the angles of the triangle.

A unitarity constraint from the 1^{st} and 3^{rd} columns of the CKM matrix provides a geometrical construction that’s useful for relating observables in the B system to the fundamental CKM parameters. This is the so-called “Unitarity Triangle”, shown in Figure 2, which graphically represents the constraint V^∗_{ub}V_{ud} +V^∗_{cb}V_{cd} +V^∗_{tb}V_{td} = 0. The interior angles^b of the triangles can be measured with CP asymmetries. In the following sections, I will describe the current status of measuring the angles of the triangle.

5.1. Time-dependent CP asymmetries at the asymmetric B factories

For final states that can be reached by both B^0 and B^0 decay, B^0 ↔ B^0 mixing provides two amplitudes with different CKM phases that can interfere with each other – a necessary requirement for CP violation to occur. The time-dependent CP asymmetry is defined as A_{CP} (f; t) ≡ N (B^0(t) → f) − N (B^0(t) → f) N (B^0(t) → f) + N (B^0(t) → f) (6) where the notation B^0(t) means that the meson was known to be (or “tagged” as) a B^0, as opposed to a B^0, at t = 0. The B^0 and B^0 from the decay of the Υ(4S) must remain flavor-antisymmetric, even while undergoing B^0 ↔ B^0 mixing, due to Bose-Einstein statistics. This means that the relevant time in Eqn. 6 is the time difference Δt between the two B decays, since they must be in a flavor-opposite state at Δt = 0. Charged decay products of the B that does not decay to f in the event are used to infer the flavor of both B mesons at Δt = 0.

In general, the A_{CP} (f; Δt) takes the form

A_{CP} (f; Δt) =

2 Imλ_f 1 + |λ_f |^2 sin Δm_dΔt −

1 − |λ_f |^2 1 + |λ_f |^2 cos Δm_dΔt (7)

bThe Babar collaboration uses the β, α, γ naming convention for the Unitarity Triangle angles, while the Belle collaboration uses ϕ_1 , ϕ_2, ϕ_3. I will use the β, α, γ convention in this note.

8 Owen Long

S_f ≡ 2 Imλ_f 1 + |λ_f |^2 , C_f ≡ 1 − |λ_f |^2 1 + |λ_f |^2

. (8)

The parameter λ_f , in the Standard Model, is given by λ_f ≡ e^{−i2β} Ā_f /A_f , where A_f (Ā_f ) is the amplitude for the B^0 (B^0) to decay to f. This parameter should not be confused with the Wolfenstein parameter λ.

The distance between the decay points of the two B mesons must be observable in order to reconstruct Δt for an event. This is the motivation for boosting the Υ(4S) frame in the lab by colliding e^+ and e^− beams of unequal energies. To a good approximation, Δt is simply proportional to the longitudinal separation between the B decay vertices along the beam boost direction (Δt ≈ Δz/βγc).

5.2. The first precision test of CP violation – sin 2β from J/ψK_S

The decay B^0 → J/ψK_S is very special for two reasons. First, it is a CP eigenstate with a relatively large branching fraction. Second, and more importantly, only a single CKM phase appears in the leading decay amplitudes. The Standard Model predicts, to within about 1%29, |A_{J/ψKS} /A_{J/ψKS} | = 1, λ_{J/ψKS} = −e^{−i2β}, and S_{J/ψKS} = sin 2β , C_{J/ψKS} = 0. These relations hold for many charmonium K_S final states and for J/ψK_L with S_{J/ψKL} = −S_{J/ψKS} . Out of all time-dependent CP asymmetry measurements at the new B factories, the measurement of sin 2β from J/ψK_S has by far the largest and cleanest sample of signal events. The average of the latest results from Babar and Belle30 gives sin 2β = 0.726 ± 0.037. Indirect constraints on β from, |V_{ub}/V_{cb}|, ϵ_K , Δm_d, and the limit on Δm_s restrict β to be the range of [13^∘, 31^∘] at the 95% C.L.31. One of the 4 solutions for β from sin 2β gives β = (23.3 ± 1.6)^∘. This impressive agreement between the indirect constraints, which do not involve CP violation in the B system, and the direct measurement led Yosef Nir to conclude13 “the Kobayashi-Maskawa mechanism of CP violation has successfully passed its first precision test.”

5.3. Looking for New Physics – the b → s penguin modes

The b → s penguin is the dominant decay amplitude for a set of charmless final states, most notably ϕK_s. The CKM phase in the leading decay amplitudes is the same as for J/ψK_S , so to first order these modes should also measure sin 2β That is, S_f ≈ −η_f sin 2β and C_f ≈ 0, where η_f is the CP eigenvalue of the final state f. The comparison of sin 2β measured with these b → s penguin modes with the measurement from J/ψK_S is an intriguing test of the Standard Model. Some speculate that loop diagrams containing virtual new physics (e.g. SUSY) particles may also be contributing to the b → s modes. This would, in general, introduce new CP violating phases which could significantly alter the S_f and C_f coefficients.

CP violation, an experimental perspective 9

The first measurements of S_{ϕKS} were presented at the ICHEP 2002 conference in Amsterdam32. Both the Babar and Belle measurements were negative, opposite the expected sign, and averaged to S_{ϕKS} = −0.39 ± 0.41, which was 2.7 σ from S_{J/ψKS} . This result generated quite a bit of excitement including dozens of phenomenology papers, evaluating δS ≡ S_{ϕKS} −S_{J/ψKS} in various new physics scenarios. At ICHEP 2004 in Bejing33, updated results were shown from datasets more than 3 times larger than those used in the initial measurements. The current average is now S_{ϕKS} = +0.34 ± 0.21, only 1.8 σ away from S_{J/ψKS} . However, if one naively averages −η_f S_f from all of the b → s penguin measurements33, one gets ⟨−η_f S_f ⟩ = +0.42 ± 0.08, which is 3.6 σ from S_{J/ψKS} . Before concluding that this is evidence for new physics, deviations from −η_f S_f = sin 2β from sub-dominant Standard Model contributions must be carefully evaluated34.

5.4. On to the next angle – α from charmless decays

The general technique for measuring the angle α of the Unitarity Triangle is to measure the time-dependent asymmetry coefficients S_f and C_f of a CP eigenstate f for which the leading decay amplitude involves a b → u transition. In the ideal case, where the CKM phase of the decay amplitude is purely that of the b → u transition, λ_f = η_f e^{−i2β}e^{−i2γ} = η_f e^{i2α}, S_f = η_f sin 2α, and C_f = 0. If the tree diagram for B^0 → π^+π^− were the only decay amplitude, the π^+π^− would be ideal for measuring α. Unfortunately, we know that penguin loop diagrams give nonnegligible contributions to the total π^+π^− decay amplitude.

When a second decay amplitude with a different CP -violating weak phase, such as a penguin contribution, is included, the λ_f parameter is no longer just a pure phase. The λ_f becomes λ_f = e^{−i2α} T_f + P_f e^{+iγ} e^{iδf} T_f + P_f e^{−iγ} e^{iδf} (9) where I have used the unitarity of the CKM matrix to define the T and P decay amplitudes in terms of just two weak phases. The magnitudes of the decay amplitudes T_f and P_f are real numbers and δ_f is relative strong (CP -conserving) phase between the T and P decay amplitudes. The problem now is that P_f /T_f and δ_f can not be reliably calculated in a model-independent way, so they must be treated as unknowns that must be determined from experimental data. This is a significant complication. The time-dependent CP asymmetry coefficient C_f can be non-zero, due to direct CP violation, and is proportional to sin δ_f . The S_f coefficient is √ 1 − C^2_f sin 2α_{eff}, where α_{eff} goes to α as |P_f /T_f | → 0.

5.4.1. The ππ system

Gronau and London pointed out that the penguin contribution can be calculated using isospin relations from the measured decay rates of all of the ππ states (π^+π^−,

10 Owen Long

π^0π^0, and π^±π^0) for B^0 and B^0 separately35. This is quite challenging experimentally and is limited by an 8-fold discrete ambiguity in the extraction of α in the range 0 to π. Grossman and Quinn noted a useful inequality derived from a geometrical analysis of the B and B isospin triangles36

sin^2(α − α_{eff}) ≤

B(B^0 → π^0π^0) + B(B^0 → π^0π^0) B(B^+ → π^+π^0) + B(B^− → π^−π^0)

, (10)

which says that if the π^0π^0 branching fraction is small, the penguin contribution is small and the measured effective value α_{eff} is close to the true value of α. Both the Babar and Belle experiments have seen evidence of the π^0π^0 mode37. The current Grossman-Quinn bound gives (α − α_{eff})_π+_π− < 35^∘ at 90% C.L. which, unfortunately, isn’t very restrictive. This shortcut can’t be used for estimating α from α_{eff} – the full isospin analysis is required for the ππ modes.

5.4.2. The ρρ system

The ρ^+ρ^− mode is not necessarily a CP -eigenstate, since a vector-vector final state can have CP -even (L = 0, 2) and CP -odd (L = 1) angular momentum configurations. The good news is that the angular analysis of the ρ^+ρ^− mode is consistent with full longitudinal polarization38, thus it’s effectively a CP -even final state, just like π^+π^−. The even better news is that the ρ^0ρ^0 mode has not been seen39, implying that the penguin contribution is small, unlike the ππ system. The Grossman- Quinn bound gives (α − α_{eff})_ρ+_ρ− < 11^∘ at 90% C.L. implying that S_ρ+_ρ− ≈ sin 2α. The Babar collaboration has performed the time-dependent CP analysis of ρ^+ρ^− and finds38

C_L(ρ^+ρ^−) = −0.23 ± 0.24 (stat) ± 0.14 (syst) S_L(ρ^+ρ^−) = −0.19 ± 0.33 (stat) ± 0.11 (syst)

for the longitudinally polarized component. The solution, of the two available in the range 0 to π, closest to the value consistent with other CKM constraints gives α = [96 ± 10 (stat) ± 4 (syst) ± 11 (peng)]^∘.

5.4.3. The ρπ system

The ρπ system offers a unique way to resolve tree and penguin contributions in a charmless decay. Snyder and Quinn noted that a time-dependent CP analysis of the π^+π^−π^0 Dalitz plane could, in principle, determine α without discrete ambiguities40. The regions where the different ρπ states overlap in the Dalitz plane provide the key information needed to disentangle the tree and penguin contributions.

Thus far, only the Babar experiment has attempted the time-dependent Dalitz analysis41, however both Babar and Belle42 have analyzed the ρ^±π^∓ mode as a quasi-two-body final state, by only selecting events near the ρ^± resonance and

CP violation, an experimental perspective 11

removing events in the regions of the Dalitz plot where the ρπ states interfere. One interesting outcome of the quasi-two-body analysis of ρ^±π^∓ is the following direct CP asymmetry

A^{−+}_{ρπ} =

N (B^0 → ρ^+π^−) − N (B^0 → ρ^−π^+) N (B^0 → ρ^+π^−) + N (B^0 → ρ^−π^+)

, (11)

which is the direct CP asymmetry for the diagrams where the π is from the virtual W . The two experiments measure

Belle A^{−+}_{ρπ} = −0.53 ± 0.29 (stat)^{+0.09}_{−0.04} (syst) Babar A^{−+}_{ρπ} = −0.47^{+0.14}_{−0.15} (stat) ± 0.06 (syst),

The Babar value is derived from the full Dalitz analysis41. A non-zero value of A^{−+}_{ρπ} is evidence of direct CP violation due to the penguin and tree amplitudes interfering. The results of the Babar full Dalitz analysis give α = [ 113^{+27}_{−17} (stat) ± 6 (syst) ]_∘ with no discrete ambiguities in the range 0 to π.

5.4.4. Combining the modes – α from charmless B decays

None of the three systems (ππ, ρρ, or ρπ) gives a precise determination of α on it’s own, although that may change in the future. Discrete ambiguities, or false solutions, are a problem, especially for ππ. However, only the true solution will be the same for all three systems – any overlap amongst the false solutions is accidental. Figure 3 shows the individual constraints on α from the three systems and the combined constraint43. Combining all three modes gives α = [103 ± 11]^∘, which is in excellent agreement with the allowed value from other CKM constraints44 α_{CKM} = [98 ± 16]^∘. This is another victory for the Standard Model.

5.5. Direct CP violation again – A(K^±π^∓) is non-zero

The K^±π^∓ mode is the main background from B decays for π^+π^−, but it’s very interesting in its own right. The CKM factors for the top quark penguin amplitude are much larger than the tree amplitude: |P/T |_{CKM} = |V_{tb}V_{ts}/V_{ub}V_{us}| ≈ 1/(0.4λ^2) ≈ 50. However, the penguin loop diagram is suppressed with respect to the tree, so this somewhat reduces the factor of 50. Since this mode is “self-tagging” (K^+π^− only comes from a B^0 and K^−π^+ only comes from a B^0) the only kind of Standard Model CP violation it can exhibit is through interfering decay amplitudes, or direct CP violation. The current measurements of the asymmetry A_{Kπ} = N (K^−π^+) − N (K^+π^−) N (K^−π^+) + N (K^+π^−)

(12) are Babar45 A_{Kπ} = −0.133 ± 0.030 (stat) ± 0.009 (syst) Belle46 A_{Kπ} = −0.101 ± 0.025 (stat) ± 0.005 (syst)

12 Owen Long

Fig. 3. Individual constraints on α from the analysis of the ππ, ρρ, and ρπ systems. The solid line is the combined constraint. The hatched region is the constraint from the CKM fit excluding the results shown in the figure.

with an average of A_{Kπ} = −0.114 ± 0.020, which is 5.7 σ from zero. Like Re(ϵ^′/ϵ) in the kaon system, this establishes the phenomenon of direct CP violation in the B system.

5.6. Mission impossible? – γ from B^± → DK^±

The angle γ of the unitarity triangle, which is the relative phase of the b → u transition with respect to the b → c transition, is by far the most difficult to measure. A fairly straightforward and theoretically clean method was proposed by Gronau, London, and Weyler47. The decay B^− → D^0K^− proceed via a b → c tree diagram, while the decay B^− → D^0K^− goes through a color-suppressed b → u diagram. For final states that both the D^0 and the D^0 can decay to, these two paths will interfere, thus enabling the determination of the relative weak phase γ.

A crucial parameter in this method is the relative size of the b → u and b → c amplitudes, which is defined r_B ≡ |A(b → u)/A(b → c)|. Unfortunately, r_B can’t be reliably calculated. A rough estimate is r_B ≈ 0.4 F_{cs}, where the 0.4 is from the ratio of CKM elements and F_{cs} is an unknown color suppression factor, which is expected to be in the range of [0.2,0.5]. This gives an expected range for r_B of [0.1,0.2].

The original B → DK proposal47 was to use D decays to CP eigenstates (e.g. π^+π^−) thereby forcing equal D^0 and D^0 decay amplitudes by construction. The problem with this technique is that the interference terms are of order r_B, which may be small. An alternative B → DK method48 uses D decays to flavor-specific final states (e.g. K^−π^+). If the dominant B decay (B^− → D^0K^−) is combined with the suppressed D decay (D^0 → K^+π^−) the overall amplitudes of the b → u and b → c paths become comparable, thus maximizing the interference effects at the cost

CP violation, an experimental perspective 13

of a lower overall rate. Finally, a hybrid B → DK approach was recently proposed49 where one performs a direct CP violation analysis in the Dalitz plane of a 3-body D decay, such as D → K_sπ^+π^−. The resonance structures of the Dalitz plane can be externally determined from copious cc samples. Overlapping resonances from the D^0 and D^0 produce “hot spots” of relatively large interference with a known strong phase variation, which in principle allows for an ambiguity-free determination of γ in the range 0 to π.

Many measurements have been made of B → D^{(∗)}K^{(∗)} decay rates using D decays to CP eigenstates50, however the statistical errors are still substantial. Both the Babar and Belle collaborations have investigated [K^+π^−]_DK^− and its charge conjugate51. They both see only hints of a signal, although the hint is larger for Belle. The upper limits on the [K^±π^∓]_DK^∓ rate can be translated into the following 90% upper limits on r_B : r_B < 0.28 (Belle), r_B < 0.23 and r^∗_B < 0.21 (Babar) where the last (r^∗_B ) is for the D^∗K mode. These results favor a small value of r_B.

Belle and Babar have also performed the DK Dalitz analysis using the decay D → K_sπ^+π^− using both DK and D^∗K decays52^,53. Choosing the (single) solution for γ in the range 0 to π, the results are

Belle52 γ = [ 77^{+17}_{−19} (stat) ± 13 (syst) ± 11 (model) ]_∘ Babar53 γ = [88 ± 41 (stat) ± 19 (syst) ± 10 (model)]^∘ ,

where the Belle analysis used the Feldman-Cousins technique, while the Babar analysis interpreted their measurement using a Bayesian approach. The last uncertainty is from the resonance parameters in the Dalitz model. The large difference in statistical errors is partly due to the fact that the Belle (Babar) data favor a large (small) value of r_B .

All of the B → DK techniques mentioned in this section depend on the same set of three unknowns: r_B , γ, and δ_B , where δ_B is the strong phase difference between the b → c and the b → u decay amplitudes. For this reason, it makes sense to combine all of the measurements in a global analysis. For example, the UTfit group has combined all B → DK data available using a Bayesian analysis54. They find r_B = 0.10 ± 0.04. and γ = [68 ± 19]^∘, which is consistent with the value from other CKM constraints54 γ_{CKM} = [60 ± 7]^∘.

Other approaches to measuring γ include the time-dependent analysis of B^0 → D^{(∗)}π and B^0 → D^{(∗)}K^{(∗)}, where the asymmetry is proportional to sin(2β + γ)55, and studying the B → Kπ modes56.

5.7. B system summary

The new B factories KEKB and PEP-II and their associated experiments, Belle and Babar, have contributed greatly to our understanding of CP violation. The measurement of sin 2β from charmonium decays was the first precision test of the Standard Model description of CP violation – a test it passed with flying colors. The b → s penguin decay modes show an interesting discrepancy with sin 2β from

14 Owen Long

charmonium decays, which may be a hint of new physics. Resolving this discrepancy is a high priority for current and future experiments. Much progress has been made in determining the angle α of the unitarity triangle with charmless decays, most notably ρ^+ρ^− and ρπ. Direct CP violation has been established in the B system with the measurement of A_{Kπ}. Finally, determining the angle γ of the unitarity triangle looks like it’s going to be difficult, as expected – r_B is not large.

6. Concluding Remarks

The Standard Model description of CP violation is remarkably successful. There are many new and improved experimental constraints and no significant discrepancy has been found, although there are some interesting anomalies. Current and future experiments are now focusing on studying processes dominated by loop diagrams in the standard model: particle EDMs, K_L → π^0νν, and CP asymmetries in penguindominated B decays. Loop diagrams bring in sensitivity to high virtual mass scales where new physics contributions may be significant. With experimental advances expected on all fronts, the study of CP violation in the next decade promises to be very exciting.

Acknowledgments

I would like to acknowledge the friendly cooperation of several members of the experimental collaborations whose results have been presented here. I would especially like to thank Andreas Höecker of the CKMfitter group^c and Marcella Bona and Maurizio Pierini of the UTFit group^d for rapidly providing their latest CKM analysis results.

References 1. A. D. Sakharov, ZhETF Pis. Red. 5, 32 (1967); JETP Lett. 5, 24 (1967). 2. N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Prog.

Th. Phys. 49, 652 (1973).

3. M. Fukugita and T. Yanagida, Phys. Lett. B174, 45 (1986). 4. See, for example, M. Frank, Phys. Rev. D70, 036004 (2004).

5. For discussions of the problems in the Standard Model and how a particular theory (Supersymmetry) solves them, see, for example, H. Muryama [arXiv:hep-ph/9410285] and M. Peskin [arXiv:hep-ph/0212204].

6. See N. Ramsey, Ann. Rev. Nucl. Part. Sci. 32, 211 (1982) and Ann. Rev. Nucl. Part.

Sci. 40, 1 (1990) for two reviews of EDM measurements by one of the pioneers of the field. For a more recent review, see Y. Semertzidis, [arXiv:hep-ex/0401016].

7. R. McNabb [Muon g − 2 collaboration], presented at the 39th Recontres de Moriond on Electroweak Interactions and Unified Theories, March 2004, [arXiv:hep-ex/0407008].

8. J. Bailey et al., J. Phys. G: Nucl. Phys., 4, 345 (1978).

chttp://ckmfitter.in2p3.fr
dhttp://www.utfit.org

CP violation, an experimental perspective 15

9. For predictions of dμ in a few New Physics scenarios, see C. Q. Geng and J. N. Ng, Phys. Rev. D42, 1509 (1990), V. D. Barger, A. K. Das, and C. Kao, Phys. Rev. D55, 7099 (1997) [arXiv:hep-ph/9611344], K. S. Babu, B. Dutta, and R. N. Mohapatra, Phys. Rev. Lett. 85, 5064 (2000) [arXiv:hep-ph/0006329].

10. F.J.M Farley et al., Phys. Rev. Lett. 93, 052001 (2004), [arXiv:hep-ex/0307006]. 11. P. G. Harris et al., Phys. Rev. Lett. 82, 904 (1999). 12. J. Ellis, Nucl. Inst. and Meth. A284, 33 (1989).

13. Y. Nir, Nucl. Phys. Proc. Suppl. 117, 111 (2003), [arXiv:hep-ph/0208080]. 14. R. D. Peccei and H. R. Quinn, Phys. Rev. D16, 1791 (1977). 15. LANSCE Neutron EDM Experiment (http://p25ext.lanl.gov/edm/edm.html). 16. L. Wolfenstein, Phys. Rev. Lett 51, 1945 (1983).

17. J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay, Phys. Rev. Lett. 13, 138 (1964).

18. R. G. Sachs, The physics of time reversal. University of Chicago Press (1987). 19. J. R. Batley et al. [NA48 Collaboration], Phys. Lett. B544, 97 (2002) [arXiv:hep-ex/0208009].

20. A. Alavi-Harti et al. [KTeV Collaboration], Phys. Rev. D67, 012005 (2003) [arXiv:hep-ex/0208007].

21. S. Eidelman et al. [Particle Data Group], Phys. Lett. B592, 1 (2004). 22. L. Wolfenstein, Phys. Rev. Lett. 13, 562 (1964).

23. See, for example, G. Colangelo and G. Isidori, JHEP 9809:009 (1998) [arXiv:hep-ph/9808487] and A. J. Buras et al., [arXiv:hep-ph/0408142].

24. A. J. Buras, F. Schwab, and S. Uhlig, [arXiv:hep-ph/0405132]. 25. A. Alavi-Harati et al. [KTeV Collaboration], Phys. Rev. D61, 072006 (2000), [arXiv:hep-ex/9907014].

26. V.V. Anisimovsky et al. [E949 Collaboration], Phys. Rev. Lett. 93, 031801 (2004), [arXiv:hep-ex/0403036].

27. M. Yamaga et al. [E391a Collaboration], Nucl. Phys. A721, 449 (2003). 28. Y. Grossman and Y. Nir, Phys. Lett. B398, 163 (1997) [arXiv:hep-ph/9701313]. 29. H. Boos, T. Mannel, and J. Reuter, Phys. Rev. D70, 036006 (2004), [arXiv:hep-ph/0403085].

30. B. Aubert et al. [Babar Collaboration], [arXiv:hep-ex/0408127]; K. Abe et al. [Belle Collaboration], Phys. Rev. D66, 071102(R) (2002) [arXiv:hep-ex/0208025].

31. See, for example, the analysis of the CKMfitter group (http://ckmfitter.in2p3.fr). 32. See presentations by M. Yamauchi and Y. Karyotakis at http://www.ichep02.nl/. 33. See presentations by A. Höecker and Y. Sakai at http://ichep04.ihep.ac.cn/. 34. Y. Grossman et al. Phys. Rev. D68, 015004 (2003) [arXiv:hep-ph/0303171]; M.

Gronau and J. Rosner, Phys. Lett. B596, 107 (2004) [arXiv:hep-ph/0403287]; Z. Ligeti at http://ichep04.ihep.ac.cn/.

35. M. Gronau and D. London, Phys. Rev. Lett. 65, 3381 (1990).

36. Y. Grossman and H. Quinn, Phys. Rev. D58, 017504 (1998) [arXiv:hep-ph/9712306]. 37. B. Aubert et al. [Babar Collaboration], [arXiv:hep-ex/0408081]; K. Abe et al. [Belle Collaboration], [arXiv:hep-ex/0408101].

38. B. Aubert et al. [Babar Collaboration], Phys. Rev. Lett. 93, 231801 (2004) [arXiv:hep-ex/0404029].

39. B. Aubert et al. [Babar Collaboration], [arXiv:hep-ex/0408061] ; J. Zhang et al.

[Belle Collaboration], Phys. Rev. Lett. 91, 221801 (2003) [arXiv:hep-ex/0306007]. 40. A. Snyder and H. Quinn, Phys. Rev. D48, 2139 (1993). 41. B. Aubert et al. [Babar Collaboration], [arXiv:hep-ex/0408099]. 42. C. C. Wang et al. [Belle Collaboration], [arXiv:hep-ex/0408003].

16 Owen Long

43. Figure courtesy of Andreas Höecker and the CKM fitter group. 44. CKM fitter group (http://ckmfitter.in2p3.fr).

45. B. Aubert et al. [Babar Collaboration], Phys. Rev. Lett. 93, 131801 (2004);

[arXiv:hep-ex/0407057].

46. Y. Chao et al. [Belle Collaboration], Phys. Rev. Lett. 93, 191802 (2004);

[arXiv:hep-ex/0408100].

47. M. Gronau and D. Wyler, Phys. Lett. B265, 172 (1991) ; M. Gronau and D. London, Phys. Lett. B253, 483 (1991).

48. D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. Lett. 78, 3257 (1997); Phys. Rev.

D63, 036005 (2001); [arXiv:hep-ph/9612433 and arXiv:hep-ph/0008090]. 49. A. Giri, Y. Grossman, A. Soffer, and J. Zupan, Phys. Rev. D68, 054018 (2003);

[arXiv:hep-ph/0303187].

50. Babar Collaboration: arXiv:hep-ex/0408082,0408060,0408069 ; Belle Collaboration:

BELLE-CONF-0443 , arXiv:hep-ex/0307074.

51. B. Aubert et al. [Babar Collaboration], [arXiv:hep-ex/0408028]; K. Abe et al. [Belle Collaboration], [arXiv:hep-ex/0408129].

52. A. Poluektov et al. [Belle Collaboration], Phys. Rev. D70, 072003 (2004) [arXiv:hep-ex/0406067].

53. B. Aubert et al. [Babar Collaboration], [arXiv:hep-ex/0408088]. 54. UTfit group (http://www.utfit.org).

55. Babar Collaboration [arXiv:hep-ex/0408038 and arXiv:hep-ex/0408059]; Belle Collaboration [arXiv:hep-ex/0408106], T. R. Sarangi et al. Phys. Rev. Lett. 93, 031802 (2004), Erratum-ibid. 93, 059901 (2004), [arXiv:hep-ex/0308048].

56. See, for example, R. Fleischer, Phys. Lett. B365, 399 (1996) [arXiv:hep-ph/9509204];

M. Gronau and J. Rosner, Phys. Rev. D57, 6843 (1998), [arXiv:hep-ph/9711246].