Frascati Physics Series Vol. XXXVI (2004), pp.

DAΦNE 2004: Physics at meson factories – Frascati, June 7-11, 2004 Invited Review Talk in Plenary Session

THE PHYSICS CASE FOR A DAΦNE UPGRADE

Gino Isidori^∗ INFN, Laboratori Nazionali di Frascati, I-00044 Frascati, Italy

Abstract

Possible physics programs relevant for an upgrade of the Frascati Φ Factory are briefly discussed. Particular attention is devoted to the kaon-physics program of a realistic high-luminosity option, yielding up to 100 fb^{−1} at the Φ peak.

1 Introduction: low-energy physics in the LHC era

An upgrade of the DAΦNE complex is likely to produce physics results in a time period where most of the attention of the particle-physics community will be focused on the first (hopefully exciting!) results of LHC. It is therefore natural to address the general question of which type of low-energy experiments could

∗ Work partially supported by IHP-RTN, EC contract No. HPRN-CT- 2002-00311 (EURIDICE).

still be relevant/attractive in such time period. On general grounds, we can identify three basic categories:

I. Search/measurements of forbidden/rare processes sensitive to short-dis-tance dynamics, such as rare K decays, (g − 2)_μ, CPT tests, etc. . . The ultimate goal of such measurements is similar to the one of LHC, namely searching/understanding physics beyond the SM. But the two programs are not in competition. On the contrary, there is full complementary between the high-energy and the high-intensity frontiers: one would benefit from the progress of the other. Improving the understanding of theoretically clean rare processes is therefore very useful also in the LHC era.

II. Precision measurements of fundamental SM parameters, such as CKM angles, quark masses and gauge couplings. Also in this case there is a some complementarity with the LHC program. Several parameters of the SM Lagrangian (particularly in the Yukawa sector) are likely to be determined (in terms of fewer couplings) by some unknown high-energy dynamics. Their precise knowledge, which can be obtained only at low energies, could help to shed slight on physics beyond the SM.

III. Deeper understanding of QCD in the non-perturbative regime by means of precise measurements of exotic hadronic systems, such as hadronic atoms, hypernuclei, multiquark states, etc. . . To a large extent, this physics program is orthogonal to the one of LHC and will not be influenced by the developments at the high-energy frontier.

The present set-up of the DAΦNE complex, with an accelerator running at the Φ peak and three different type of experiments (KLOE, FINUDA and DEAR) has allowed (and is still allowing) to make significant advancements in all the three directions.

It is quite clear that a change of the c.o.m. energy of the accelerator, reaching the 2–2.5 GeV region, would bring a significant benefit to the last category. By this upgrade it would be possible to study with high precision nucleon form factors and to address spectroscopy issues which are not accessible at the Φ peak –a detailed discussion about the interest of this physics program can be found in the talk by F. Iachello 2)– However, it is also quite clear that leaving the Φ peak, there is no hope to make significant progress concerning the first two categories. Less obvious is the question if there is still room to make significant progress in the first two categories, with a substantial but realistic increase of the luminosity at the Φ peak. In the rest of this talk we shall try to address this last question.

2 Dreams vs. realistic possibilities: the Alghero heritage

The possible upgrades of DAΦNE and their related physics program has been the subject of an entire workshop, held in Alghero in September 2003. 1) A few important conclusions of this workshop can be summarized as follows:

• Kaon physics offer an outstanding physics case belonging to the first category: the search and the measurement of the very rare decays K → πνν̄ 3) and K_L → π^0ℓ^+ℓ^−. 4) Indeed, most of the future kaon programs at fixed-target colliders are focused on these rare decays modes. From the experimental point of view, a Φ factory would be an ideal environment to search for these rare decays. However, the tiny branching ratios (in the 10^{−10}–10^{−11} range) and the difficult experimental signature, calls for peak luminosities at the Φ peak around or above 10^{35} cm^{−2} s^{−1} (or integrated luminosities of at least 10^3 fb^{−1}). Such scenario does not appear to be feasible, at least in the short term.

• A realistic upgrade of the luminosity could yield at most 100 fb^{−1} at the Φ peak, or the production of ≈ 10^{11} KK̄ pairs. Although the golden short-distance channels are not accessible with such statistics, the clean environment of the Φ factory would still allow a series of unique and fundamental measurements (categories I & II) in the kaon sector. 5) These includes CPT tests, neutral kaon interferometry, rare K_S decays, improved measurements of the Cabibbo angle and deeper studies of CHPT.

Similarly to the present set up, the Φ-peak option would also allow an intense hadron-physics program with hypernuclei, kaonic atoms, γγ spectroscopy, radiative Φ decays and hadronic cross-sections via radiative return. The possibility to perform these measurements without a serious conflict with the kaon program is certainly a positive aspect of the Φ-peak option. To our knowledge, the maximal luminosity is a less crucial issue for the hadronic of program. For this reason, in the following we shall discuss only a few kaon measurements which provide good motivations to reach luminosities above 10^{33} cm^{−2} s^{−1}.

3 The kaon-physics program with 10–100 fb^{−1}

3.1 CPT tests and interferometry

As is well known, the neutral kaon system offers a unique opportunity to search for possible violations of CPT invariance. Just to mention a famous example, CPT invariance predict equal masses and decay widths for particles and antiparticles: this prediction is currently probed at the 10^{−18} level of relative precision in the neutral kaon system.

CPT invariance necessary holds in any local Lorentz-invariant quantum field theory. Testing its validity is equivalent to probe some of the most fundamental hypothesis on which the present description of particle physics is based. Interestingly enough, these hypotheses are likely to be violated at scales where the quantum effects of gravitational interactions cannot be ignored. Unfortunately, since we still miss a consistent theory of quantum gravity, it is hard to predict at which level CPT-violating effects could become visible at low energies: the field is totally driven by experiments, with the most significant bounds setting the reference scale for future improvements.

A Φ factory could probe CPT in the neutral kaon system in several ways; an extensive discussion can be found in the Second DAΦNE Physics Handbook. 6) One of the cleanest probes is the comparison of the charge asymmetries (δ_{L,S}) of K_L and K_S semileptonic decays (K_{ℓ3}). These two observables are necessarily equal in the limit of exact CPT invariance; assuming that CPT is violated only in the mass matrix, we can relate their difference to the K^0–K̄^0 mass difference:

|m_K0 − m¯_K0 | m_K

≈ 5 × 10^{−15} × |δ_L − δ_S | + O( C̸PT in ΔS = 1) (1)

The limiting factor of this CPT test is the error on δ_S , whose present best measurement is obtained by KLOE:

δ_S = (−2 ± 9 ± 6) × 10^{−3} (2)

(δ_L is known with an absolute error below 10^{−4}). With ≈ 100 fb^{−1} it should be possible to reach an absolute error on δ_S of O(10^{−4}) i.e. to probe the K^0–K̄^0 mass difference below the 10^{−18} level.

The most powerful test of CPT invariance in the neutral kaon system is presently obtained by means of the Bell-Steinberger relation. 7) This relation make use of unitarity (or the conservation of probability) to connect a possible violation of CPT in the neutral kaon system to the CP-violating interference of K_L and K_S decays into the same final state f. Unitarity implies that K^0 and K̄^0 decay widths can be expressed as

Γ_K0 = ∑ f A(K^0 → f)A(K^0 → f)^∗ Γ¯_K0 = ∑ f A(K̄^0 → f)A(K̄^0 → f)^∗ (3)

In the limit of exact CPT invariance, these two expressions should coincide. More in general, parameterizing the amount of CPT violation in the K^0–K̄^0 system as Δ = i(m_K0 − m¯_K0 ) +^1_2 (Γ_K0 − Γ¯_K0 ) Γ_S − Γ_L cos ϕ_{SW} e^{iϕSW} (4)

where ϕ_{SW} = arctan[2(m_L − m_S )/(Γ_L − Γ_S )], the unitarity decomposition implies [ Γ_L + Γ_S Γ_S − Γ_L ] Re(ϵ_M ) 1 + |ϵ^2_M |

+ tan ϕ_{SW} Im(Δ) = 1 Γ_S − Γ_L ∑ f A_L(f)A_S (f)^∗

= Γ_S Γ_S − Γ_L ∑ f B(K_S → f)η_f (5)

This relation is exact in the limit of CPT invariance: only the CPT-violating term Im(Δ) has been treated as a small parameter and expanded to first nontrivial order. In Eq. (5) everything but the CPT-violating term is measurable [ϵ_M = (ϵ_L + ϵ_S )/2], and one can use data on B(K_S → f) and η_f to extract stringent bounds Im(Δ). A non-vanishing result could only be attributed to one of the following non-standard scenarios: i) violation of CPT; ii) violation of unitarity; iii) existence of exotic invisible final states which escape detection. Needless to say that each of this scenarios would imply major breakthrough in fundamental physics.

A Φ factory is an ideal machine to study the Bell-Steinberg relation for two main reasons: i) the perfectly tagged K_S sample can be used to measure/bounds the poorly known K_S branching ratios; ii) it is possible to have direct access to the K_L–K_S interference terms. The first advantage has already been exploited by KLOE to control the contribution of the 3π^0 final state in the r.h.s. of Eq. (5). Till few years ago the 3π^0 final state was the dominant source of uncertainty in the bounds on Im(Δ); thanks to the recent KLOE 8)

Figure 1: Experimental results on |V_{us}| · f_+(0). 12) The gray band indicates the average of the new experimental results (|V_{us}| · f_+(0) = 0.2166 ± 0.0005), as reported at the ICHEP ’04 conference (the ’*’ indicates results which are still preliminary); the black points are the old PDG values; the yellow band represents the unitarity prediction combined with the recent Lattice 11) determination of the vector form factor [(1 − |V_{ud}|^2 − |V_{ub}|^2)^{1/2} · f_+(0) = 0.2175 ± 0.0029].

and NA48 9) limits on B(K_S → 3π^0), this channel has become subleading in the final error, contributing only at O(10^{−6}) to σ[Im(Δ)]. Certainly much more could be done with higher statistics. In particular, with few×10 fb^{−1} the interference measurements in the leading 2π(γ) channels should bring the total error on Im(Δ), from the present level of few×10^{−5} down to few×10^{−6}. Such a sensitivity is equivalent to a relative precision on the K^0–K̄^0 mass difference below 10^{−19}.

3.2 V_{us}

The improved determination of V_{us} from K → πℓν decays is one of the highlights of this conference. The new data 10) from BNL-E865, KTeV, NA48 and KLOE leads to a consistent picture, substantially different from the old results quoted in the PDG. When combined with the Leutwyler–Ross estimate of the K → π vector from factor at q^2 = 0 [f_+(0)] –whose validity has recently been reinforced by Lattice results 11)– these new data leads to an extraction |V_{us}| (or the Cabibbo angle) in perfect agreement with the expectation of CKM unitarity (see Fig. 1).

Despite this important recent development, the field if far from being exhausted and there is still substantial room for improvements in the extraction of V_{us}. For instance, useful informations could still be extracted by precise measurements of the two K_{ℓ3} form factors: their slopes provides important benchmarks to test and improve any method used in the (theoretical) evaluation of f_+(0). Indeed, chiral perturbation theory let us to correlate unambiguously up to O(p^6) the amount of SU(3)-breaking in f_+(0) to slope and curvature of the scalar form factor f_0(t). 14) To reduce the theoretical error on f_+(0) below 1% requires a measurement of the slopes λ_0 and λ^′_0, defined by

f_0(t) = f_+(0) [ 1 + λ_0 t m^2_π

+ λ^′_0 t^2 m^4_π ] , t = (p_K − p_π)^2,

with absolute errors of 10^{−3} (λ_0) and 10^{−4} (λ^′_0). This goal is well within the reach of a Φ factory with few×10 fb^{−1}.

3.3 Rare K_S decays

As anticipated, the very rare K^+ and K_L short-distance dominated channels are not accessible with integrated luminosity below 10^4 fb^{−1}. Nonetheless, a Φ factory with ≈ 100 fb^{−1} could still play a significant role in this field: it would allow to perform a series of auxiliary measurements, which would help to reduce the theoretical uncertainties of some of the golden channels. The most representative examples of this type of measurements are the rates of the two K_S → π^0ℓ^+ℓ^− modes. These transitions, dominated by long-distance dynamics, contribute to a sizable (30−50%) fraction of the total K_L → π^0ℓ^+ℓ^− rate via K_L–K_S mixing. The size of this indirect-CP-violating pollution of the K_L channels (which have a sizable short-distance amplitude) can be computed with good accuracy in terms of the corresponding K_S rates. As a result, the knowledge of B(K_S → π^0ℓ^+ℓ^−) determines the precision on which we are able to extract the interesting short-distance info from B(K_L → π^0ℓ^+ℓ^−).

The two K_S → π^0ℓ^+ℓ^− transitions have recently been observed by the

10^{11} × B(K_L)

10^4×Im(V_{td}V^∗_{ts})

Figure 2: SM Prediction for B(K_L → π^0e^+e^−) as a function of the CKM combination Im(V_{td}V^∗_{ts}), which rules the strength of the short-distance amplitude within the SM. 4) The three bands correspond to an error on B(K_S → π^0e^+e^−) of 10% (dashed blue lines); 20% (dashed green lines); present experimental uncertainty 15) (red dotted lines).

NA48/1 experiment, but the present errors are still very large 15)

B(K_S → π^0e^+e^−)_{mee >165 MeV} = ( 3.0^{+1.5}_{−1.2} ± 0.2 ) × 10^{−9} , (6) B(K_S → π^0μ^+μ^−) = ( 2.9^{+1.4}_{−1.2} ± 0.2 ) × 10^{−9} . (7)

As shown in Fig. 2, with these large errors, the corresponding uncertainty on the K_L modes is ≈ 100%. A high-luminosity Φ factory is the ideal machine to improve these measurements: with ≈ 100 fb^{−1} we could reach σ[B(K_S → π^0ℓ^+ℓ^−)] ≈ 10%. At this level of precision, the corresponding uncertainty on the K_L mode would also drop at the 10% level, allowing to perform a new very significant test of short-distance dynamics. 4) It is worth to stress that this test is unique and, in particular, is not equivalent to the one which could be performed in the K → πνν̄ system.

4 Conclusions

We concluded the Introduction with the following question: is there is still room to make significant progress in fundamental physics (searches of new phenomena and measurements of basic SM couplings) with a substantial but realistic increase of the luminosity at the Φ peak? We believe that the few examples of key measurements we have discussed (CPT tests & interferometry, |V_{us}| and rare K_S decays) already provides a positive answer to this question. But of course this is only the top of the iceberg. As mentioned in the Introduction (and as discussed in more detail in Ref. 1), there are several other interesting measurements (both within and beyond the kaon sector) which could enlarge the physics program of this option.

References

1. Proceedings of the Workshop on e^+e^− in the 1–2 GeV range: Physics and Accelerator prospect, eConf C0309101 (2004), eds. C. Biscari, F. Bossi, and G. Isidori.

2. F. Iachello, these proceedings.

3. See e.g.: A. J. Buras, F. Schwab and S. Uhlig, hep-ph/0405132

4. See e.g.: G. Buchalla et al. Nucl. Phys. B 672 (2003) 387; G. Isidori et al.

Eur. Phys. J. C 36 (2004) 57.

5. P. Franzini, eConf C0309101 (2003) SAPL003 [hep-ex/0401031].

6. G. D’Ambrosio, G. Isidori, and G. Pugliese, in The Second DAΦNE Physics Handbook, eds. L. Maiani, G. Pancheri and N. Paver (Frascati, 1995).

7. J. S. Bell and J. Steinberger, in Weak Interactions of Kaons (1965), eds.

R.G Moorhouse et al.

8. M. Martini [KLOE], these proceedings.

9. A. Lai et al. [NA48], hep-ex/0408053.

10. A. Sher et al. [BNL-E865] Phys. Rev. Lett. 91 (2003) 261802 [hepex/0305042]; T. Alexopoulos et al. [KTeV], hep-ex/0406001, hepex/0406002, hep-ex/0406003; U. Moosbroogger [NA48], these proceedings; C. Gatti [KLOE], these proceedings.

11. D. Becirevic et al., hep-ph/0403217; V. Lubicz, these proceedings. 12. F. Mescia, talk presented at ICHEP ’04 (Beijing, China, August 2004). 13. H. Leutwyler and M. Roos, Z. Phys. C 25 (1984) 91.

14. J. Bijnens and P. Talavera, Nucl. Phys. B 669 (2003) 341 [hep-ph/0303103]. 15. J.R. Batley et al. [NA48/1], Phys. Lett. B 576 (2003) 43 [hep-ex/0309075];