hep-th-9911009

The pp → π^0π^0 Puzzle

W. A. Perkins (Perkins Advanced Computer Systems) Auburn, California According to conventional theory, the annihilation reaction pp → π^0π^0 cannot occur from a pp atomic S state. However, this reaction occurs so readily for antiprotons stopping in liquid hydrogen, that it would require 30% P-wave annihilations. Experimental results from other capture and pp annihilation channels show that the fraction of P-wave annihilations is less than 6% in agreement with theoretical expectations. An experimental test to determine whether this reaction can occur from an atomic S state is suggested. If indeed this reaction is occurring from an atomic S state, then certain neutral vector mesons should exhibit a π^0π^0 decay mode, and this can also be tested experimentally.

PACS numbers: 11.30Er, 13.75Cs

Because of parity conservation and symmetry of identical bosons with respect to their interchange, the annihilation reaction pp → π^0π^0 cannot occur from a pp atomic S state. However, experiments dating back to the early 70’s have shown that the reaction occurs readily for antiprotons stopping in liquid hydrogen. Although this mode is allowed from atomic P-state annihilations, the measurements with the Crystal Barrel detector of the branching ratio for this reaction (when compared with the pp → π^+π^− branching ratio) would require 30% P-wave annihilations. Experimental results from π^−p, K^−p, and Σ^−p capture and other pp annihilation channels show that the fraction of P-wave annihilations is less than 6% in agreement with theoretical expectations. Thus, the experimental evidence strongly indicates that the annihilation into π^0π^0 is occurring from an atomic S state. We will discuss an experimental test involving X-rays in coincidence with the reaction, which can determine whether or not this reaction is occurring predominantly from an atomic S state and other tests involving vector meson decays. We will also consider how conventional theory could be modified to allow this reaction to occur from an atomic S state.

The eigenvalues of parity and charge parity of a fermion-antifermion pair are given by [1], ω_{P arity} = (−1)^{X+1}, ω_{Charge parity} = (−1)^{X+s}, (1) where X is the relative orbital angular momentum of the two particles and s is the spin of the fermion-antifermion system. The eigenvalues of parity and charge parity of a two pion system are given by [1], ω_{P arity} = (−1)^Y , ω_{Charge parity} = (−1)^Y , (2) where Y is the relative orbital angular momentum of the two pions. For the π^0π^0 system there are further constraints. Because of Bose statistics the state of two identical pions must be symmetric under interchange. Thus, Y must be even and both parity and charge parity must be +1 for the π^0π^0 system. Considering only low angular momentum states (i.e., J = 0, 1), we obtain Tables I-III for initial and final states.

TABLE I. Initial state of pp Atom State J Parity Charge parity 1S_0 0 -1 +1 3S_1 1 -1 -1 3P_0 0 +1 +1 1P_1 1 +1 -1 3P_1 1 +1 +1

Using conservation of parity, charge parity, and total angular momentum in matching the initial and final states, we obtain the allowed reactions:

pp (^3P_0) → π^0π^0(S_0), pp (^3S_1) → π^+π^−(P_1), pp (^3P_0) → π^+π^−(S_0). (3)

Thus we see that the reaction pp → π^0π^0 cannot occur from an atomic S state of the pp system.

TABLE II. Final state of π^0π^0 System State J Parity Charge parity Comment S_0 0 +1 +1 Y=0

We will briefly review what happens when an antiproton or some other negatively charged particle is slowed down in liquid hydrogen and is captured in a Bohr orbit by a proton. This is illustrated in Fig. 1. Typically, the incoming negatively charged particle is initially captured in an orbit with principle quantum number n ≈ 30 and with high orbital angular momentum, X. Collisional deexcitations and radiative transitions transform the atom to lower n and X values. The electrically neutral atom can then penetrate neighboring atoms and experience the electric field of the protons. This causes Stark effect transitions between the degenerate orbital angular momentum states. The rates for radiative transition and nuclear absorption (or annihilation) from P states are small in comparison with the rate that the Stark effect populates the S state. Since S-state absorption (or annihilation) can happen from high n values, the atom is unlikely to deexcite to low n values for which P state nuclear absorption (or annihilation) is more important.

TABLE III. Final state of π^+π^− System State J Parity Charge parity Comment S_0 0 +1 +1 Y=0 P_1 1 -1 -1 Y=1

FIG. 1. Levels of atomic orbital states for a negatively charged particle and a proton with principle quantum number n and orbital angular momentum X. It shows the effect of Stark transitions on different X states, radiative deexcitations, and levels from which nuclear absorption or annihilation are likely.

Thus, according to theory [2,3] absorption will occur predominantly from S states for π^− and K^−. In 1960, Desai [4] concluded, “Rough calculations indicate that for protonium also the capture will take place predominantly from S states.”

There is strong experimental evidence that S-state capture dominates in liquid H_2. The reactions π^−p [5], K^−p [6], and Σ^−p [7] have been studied. Since these negatively-charged particles decay, one can determine the nuclear absorption time by observing the fraction which decay. The cascade times are about two orders of magnitude shorter than would be required for radiative deexcitation. Because the antiproton does not decay, such a measurement is not possible. Since the short cascade times for π^−, K^−, and Σ^− cannot be explained without recourse to the Stark effect, the Stark effect must also play a role in the pp case.

There is some direct evidence of S-state domination in pp reactions. It has been determined [8] that pp → KK < 6% P-wave with a 95% confidence level. From the ρ decay angular distribution, it has been determined [9,10] that pp → π^+π^−π^0 < 5% P-wave. Thus the experimental evidence strongly supports S-state domination for pp reactions.

We will now look at the experimental results for pp → ππ. In liquid hydrogen the branching ratio for pp → π^+π^− is (31 ± 1) × 10^{−4} [11], while measurements of the branching ratio for pp → π^0π^0 are given in Table IV.

The experimental results obtained with the Crystal Barrel detector are likely to be the most accurate. As they noted in their paper [17], “Owning to our large detection efficiency and small background our result is least likely influenced by undetected systematic errors. The reliability of the result is strengthened by the internal consistency of a large set of two-body branching ratios measured with the Crystal Barrel detector and their agreement with previous determinations, especially with bubble chamber data.”

One can calculate the fraction of P-wave annihilations for pp → ππ as follows, F raction P−wave = (pp → π^+π^−)_P + (pp → π^0π^0)_P (pp → π^+π^−)_{S&P} + (pp → π^0π^0)_P

. (4)

By assuming charge independence,

(pp → π^+π^−)_P = 2 × (pp → π^0π^0)_P , (5)

we obtain the % P wave given in Column 2 of Table IV. The 55% P-wave, shown in Table IV for the Crystal Barrel collaboration, is obviously too high, and they decided to use another method [17], involving the P-wave fraction for pp → π^+π^− determined from a measurement with gaseous hydrogen at NTP, giving 29% P wave for their result.

TABLE IV. Branching Ratio for pp → π^0π^0

Measured value % P-wave Year Reference (4.8 ± 1.0) × 10^{−4} 40% 1971 Devons et. al. [12] (1.4 ± 0.3) × 10^{−4} 13% 1979 Bassompierre et. al. [13] (6 ± 4) × 10^{−4} 49% 1983 Backenstoss et. al. [14] (2.06 ± 0.14) × 10^{−4} 19% 1987 Adiels et. al. [15] (2.5 ± 0.3) × 10^{−4} 22% 1988 Chiba et. al. [16] (6.93 ± 0.43) × 10^{−4} 55% 1992 Crystal Barrel [17] (2.8 ± 0.4) × 10^{−4} 25% 1998 Obelix [18]

Since even the 29% P-wave fraction is much too high, Batty [19], trying to reduce this value, modified the earlier calculations of Reifenröther and E. Klempt [20] using the Borie and Leon model [21]. He fitted the experimental data for pp → ππ and pp → KK at several target densities. Without enhancement factors he obtained 27% for the P-wave fraction at liquid hydrogen density. With enhancement of annihilations from fine structure states over that expected from a statistical population and some adjustment of the parameters, he could fit the data (including the Crystal Barrel result) with a P-wave fraction of just 13% at liquid hydrogen density. Even with this heroic effort, the 13% P-wave fraction is still too high when compared with the upper limit of 6% P-wave obtained from the results of other pp annihilations [8–10].

There are two other experiments indicating anomalously large fractions of P-wave (75%) involve antiproton annihilation at rest in liquid deuterium [22,23], although results from a third experiment were consistent with 0% P wave [24]. Again the percentage P-wave calculation is based on charge independence and the theoretical argument that pd → nπ^0π^0 cannot occur from an atomic S state.

How can one explain these anomalies? Since the results of experiments from all other capture and annihilation reactions point to S-state domination, the most reasonable conclusion is that pp → π^0π^0 is occurring from an atomic S state. This would have been the conclusion long ago if it did not violate conventional theory.

Although seven different groups have measured the branching ratio for pp → π^0π^0, showing the importance of this unexpectedly large branching ratio, no direct test has been performed to determine whether the reaction could be occurring from an atomic S state. Such an experimental test can be made by setting up an initial pp atomic S state and looking for the π^0π^0 final state. The method is illustrated in Fig. 2. As discussed earlier, in liquid H_2 the Stark effect causes transitions to S states at high n-values, where annihilation occurs more readily than deexcitation. One can decrease the effect of Stark transitions by using H_2 gas at NTP, and thereby observe the deexcitation radiation.

The coincidence of L and K X-rays from protonium, shows that the atom is in the 1S state. The energy of the K X-rays is between 9.4 KeV (K_α) and 12.5 KeV (K_∞), while energy of the L X-rays is between 1.7 KeV and 3.1 KeV. The energy of M X-rays is between 0.5 KeV and 1.3 KeV. Thus, the X-rays from the different transitions tend to be separated.

The Asterix Collaboration has detected K_α X-rays in coincidence with L X-rays [25]. The experiment we are proposing is very similar, but requires the triple coincidence of L and K X-rays from protonium and the π^0π^0 annihilation mode. The detection of such events can prove that the annihilation reaction is occurring from an atomic S state.

As discussed above, even without this crucial experiment, there is significant evidence that the standard theory concerning this reaction may not be valid. We will now look at what could be wrong with the theory. To match the initial^3S_1 state of pp, the π^0π^0 system needs a P_1 state with parity = −1 and charge parity = −1 as shown on the second line of Table III for the π^+π^− system. In conventional theory, the π^0π^0 system has parity = +1 and charge parity = +1 for all states.

The big difference in those eigenvalues between the π^+π^− system and the π^0π^0 system in conventional theory is caused by the two π^0’s being identical while the π^+ and π^− are not. Thus, it must be possible for one π^0 to exist in one internal states while the other π^0 is in another internal state. This would result in the two π^0’s not always being identical.

FIG. 2. Levels of atomic orbital states for protonium with principle quantum number n and orbital angular momentum X. It shows radiative cascades to the 1S state which involve K and L X-rays. Detection of triple coincidences of K and L X-rays and annihilation into π^0π^0 can prove that the reaction occurs from an atomic S state.

Assume the π^0 field is given by, ϕ(x) = ∑ p f(ω_p) { [χ(p) − η(p)] e^{ip·x} + [ χ^†(p) − η^†(p) ] e^{−ip·x} } , (6) where χ^†(p) and η^†(p) are creation operators for two different π^0 states.

If the π^0’s are in different states, there is no requirement that the state of two π^0’s must be symmetric under interchange. Therefore, Y can be odd for some π^0π^0 states just as for the π^+π^− system, leading to a P_1 state with parity of −1.

Next we will consider what is required for a state of two π^0’s to have charge parity of −1. Consider a particular state of two π^0’s in the center of mass system, Φ = ∑ K e^{iK·R}χ^†(K)η^†(−K)Φ_0, (7) where Φ_0 is the vacuum state, K is the momentum of each particle, and R = r_1 − r_2 is the relative coordinate. Applying the charge parity operator, CΦ = ∑ K e^{iK·R}Cχ^†(K)C^{−1}Cη^†(−K)C^{−1}Φ_0. (8)

If χ^†(p) and η^†(p) were to each change into themselves under C, then this state would be unchanged and the eigenvalue of charge parity would still be +1. We need, Cχ^†(K)C^{−1} = −η^†(K), Cη^†(K)C^{−1} = −χ^†(K), (9) for then, CΦ = ∑ K e^{iK·R}η^†(K)χ^†(−K)Φ_0. (10)

But χ^†(p) and η^†(p) commute. Thus, after letting K → −K we obtain, CΦ = ∑ K e^{−iK·R}χ^†(K)η^†(−K)Φ_0. (11) Applying the coordinate exchange operator P_r results in, P_rCΦ = ∑ K e^{iK·R}χ^†(K)η^†(−K)Φ_0 = Φ. (12) Since P^{−1}_r = P_r , CΦ = P_rΦ. The eigenvalues of P_r = ±1 depending upon the relative angular momentum of the two particles. Thus, the charge parity becomes the same as in the π^+π^− case, given by Eq. (2). If the π^0 field satisfies Eqs. (6) and (9), then the annihilation reaction, pp (^3S_1) → π^0π^0(P_1) (13) is allowed.

According to the Standard Model, the pion is composed of up and down quarks,

π^+ = (u d), π^− = (u d), π^0 = 1 √ 2 (u u − d d). (14) Although the π^0 has two different states (i.e., u u and d d), the different states do not change into each other under charge parity as required by Eq. (9). Thus some change to the pion model is needed. We cannot make any suggestions in that regard other than to note that composite states, such as g h and h g, where g and h are two different fermions, satisfy Eq. (9).

If the neutral pions are not identical just as the charged pions, then the branching ratio of pp → π^0π^0 from S states should be half that of pp → π^+π^− by charge independence. However, since the neutral pions have two different states they will only be non-identical half the time. Therefore, assuming all annihilations are from S states, the branching ratio of pp → π^0π^0 should equal 0.25 × (31 × 10^{−4}) = 7.8 × 10^{−4} which is roughly in agreement with the Crystal Barrel collaboration’s result of (6.93 ± 0.43) × 10^{−4}.

A referee has pointed out that some of vector mesons could decay into two π^0’s if they are not identical, providing another test of this theory. As discussed above two non-identical π^0’s can be in a P_1 state with J = 1, parity = −1, and charge parity = −1 which matches the values for some of the vector mesons.

We considered the π^0π^0 decay mode of the ρ(770)^0, ω(782), ϕ(1020), and J/ψ(1S). These reactions are forbidden by isospin conservation, but they can proceed electromagnetically. In estimating the branching ratios, we assumed that the π^0π^0 mode would occur at about the same rate as the π^+π^− mode, but reduced by a factor of two because the two π^0’s are only non-identical half the time. However, the ρ(770)^0 has I = 1, so the reaction ρ(770)^0 → π^+π^− is allowed by isospin conservation because the π^+π^− system can have I = 0, 1, or 2, while the reaction ρ(770)^0 → π^0π^0 is forbidden because the π^0π^0 system can only have I = 0 or 2. Occurring electromagnetically, its branching ratio would be reduced by the factor α^2.

Our estimated branching ratios are,

BR(ρ(770)^0 → π^0π^0) = 5 × 10^{−5}, BR(ω(782) → π^0π^0) = 1 × 10^{−2}, BR(ϕ(1020) → π^0π^0) = 4 × 10^{−5}, BR(J/ψ(1S) → π^0π^0) = 7 × 10^{−5}. (15)

The only measured upper limit [26], BR(ϕ(1020) → π^0π^0) < 4×10^{−5}, is just in the expected range.

Helpful discussions with Prof. J. E. Kiskis are gratefully acknowledged.

[1] P. Roman, Theory of Elementary Particles (North-Holland, Amsterdam) 1960, pp. 287-305. [2] T. B. Day, G. A. Snow, and J. Sucher, Phys. Rev. Lett. 3, 61 (1959).

[3] M. Leon and H. A. Bethe, Phys. Rev. 127, 636 (1962). [4] B. R. Desai, Phys. Rev. 119, 1385 (1960).

[5] T. H. Fields et. al., Phys. Rev. Lett. 5, 69 (1960); E. Bierman et. al., Phys. Lett. 4, 351 (1963). [6] M. Cresti et. al., Phys. Rev. Lett. 14, 847 (1965); R. Knop, R. A. Burnstein, and G. A. Snow, Phys. Rev. Lett. 14, 767 (1965).

[7] R. A. Burnstein, G. A. Snow, and H. Whiteside, Phys. Rev. Lett. 15, 639 (1965). [8] R. Bizzarri et. al., Nucl. Phys. B69, 307 (1974). [9] M. Foster et. al., Nucl. Phys. B6, 107 (1968).

[10] R. Bizzarri, in Symp. on Nucleon-Antinucleon Annihilations, edited by L. Montanet, Chexbres, Switzerland (CERN Report TC/72-10, 1972) p. 161.

[11] Crystal Barrel Collaboration, C. Amsler et. al., Z. Phys. C58, 175 (1993). [12] S. Devons et. al., Phys. Rev. Lett. 27, 1614 (1971).

[13] G. Bassompierre et. al., Proc. 4th European Antiproton Conf., Strasbourg, edited by A. Freidman, (CNRS, Paris, 1979) Vol. I, p. 139.

[14] G. Backenstoss et. al., Nucl. Phys. B228, 424 (1983). [15] L. Adiels et. al., Z. Phys. C35, 15 (1987). [16] M. Chiba et. al., Phys. Rev. D38, 2021 (1988).

[17] Crystal Barrel Collaboration, C. Amsler et. al., Phys. Lett. B297, 214 (1992). [18] Obelix Collaboration, A. Zoccoli et. al., Proc. HADRON 97, edited by S-U. Chung and H. J.

Willutzki, AIP conf. proc. 432, 347 (1998). [19] C. J. Batty, Nucl. Phys. A601, 425 (1996).

[20] G. Reifenröther and E. Klempt, Phys. Lett. B245, 129 (1990). [21] E. Borie and M. Leon, Phys. Rev. A21, 1460 (1980). [22] L. Gray et. al., Phys. Rev. Lett. 30, 1091 (1973). [23] D. Bridges et. al., Phys. Lett. B180, 313 (1986). [24] A. Angelopoulos et. al., Phys. Lett. B212, 129 (1988).

[25] ASTERIX Collaboration, M. Ziegler et. al., Phys. Lett. B206, 151 (1988). [26] M. N. Achasov et. al., Proc. HADRON 97, edited by S-U. Chung and H. J. Willutzki, AIP conf. proc. 432, 26 (1998).