Search for Direct CP Violation in Decays of Hyperons

Y. C. Chen^a, R. A. Burnstein^b, A. Chakravorty^b , A. Chan^a, W. S. Choong^c, K. Clark^h, E. C. Dukes^i, C. Durandet^i, J. Felix^e, G. Gidal^c, H. R. Gustafson^g , C. Ho^a, T. Holmstrom^i, M. Huang^i, C. James^d, M. Jenkins^h, D. M. Kaplan^b, L. M. Lederman^b, N. Leros^f , M. J. Longo^g, F. Lopez^g, G. Lopez^e, W. Luebke^b, K. B. Luk^c, K. Nelson^i, J. P. Perroud^f , D. Rajaram^b, H. A. Rubin^b, P. K. Teng^a, J. Volk^d, C. White^b, S. L. White^b and P. Zyla^c a Academia Sinica, Nankang, Taipei 11529, Taiwan, R.O.C. b Illinois Institute of Technology, Chicago, IL 60616, U.S.A.

c University of California and Lawrence Berkeley Laboratory, Berkeley, California 94720, U.S.A.

d Fermi National Accelerator Laboratory, Batavia, Illinois 60510, U.S.A. e University of Guanajuato, 37000 Leon, Mexico f University of Lausanne, CH-1015 Lausanne, Switzerland g University of Michigan, Ann Arbor, Michigan 48109, U.S.A. h University of South Alabama, Mobile, Alabama 36688, U.S.A. i University of Virginia, Charlottesville, Virginia 22901, U.S.A.

The E871 (HyperCP) experiment at FNAL is searching for direct CP violation in decays of Ξ�(Ξ^+) and Λ(Λ) by comparing their decay parameters, αΞαΛ (αΞαΛ). An asymmetry parameter, AΞΛ, is defined based on these parameters. With the data taken in 1997 we expect to have a sensitivity of ≈ 2 × 10�^4 in AΞΛ. In the 1999 run we will take four times more data which will improve the sensitivity to ≈ 1 × 10�^4.

1 Introduction

CP violation has long been of great interest to physicists. One reason is that CP violation can possibly help to explain the asymmetry of matter and anti-matter in the Universe [1]. CP violation was first discovered in kaon decays [2]. However, this effect is due to the mixing of the mass eigenstates of the neutral kaon. Direct CP violation that occurs in the decay process is the one that HyperCP is searching for. Despite the huge effort devoted to the study of the kaon system direct CP violation has not yet been conclusively demonstrated. Outside of the kaon system direct CP violation has not yet been observed. There are a lot of efforts to search for direct CP violation in B or Charm meson decays. Beside meson systems, one can also search for CP violation in baryon decays, such as decays of hyperons. The HyperCP experiment at FNAL is an experiment searching for direct CP violation with excellent sensitivity in the decay chains

Ξ�_{→ Λπ}�_{, Λ → pπ}�_,

© Institute of Experimental Physics, SAS, Košice, Slovakia 1 and Ξ^+ → Λπ^+, Λ → pπ^+.

2 Hyperon Decays

Due to parity violation in weak decays, the final states of Hyperon two-body decays can be in S- or P- states. Conventionally hyperon non-leptonic decays are described by the three Lee-Yang variables α, β, and γ, defined as α = 2Re(S�P ) |S|^2 + |P |^2 , β = 2Im(S�P ) |S|^2 + |P |^2 , γ = |S|^2 − |P |^2 |S|^2 + |P |^2 , (1)

with α^2 + β^2 + γ^2 = 1 [3].

Spin 1/2 hyperons do not decay isotropically if they are polarized. The decay distribution can be described by the following equation, dN dΩ = 1 4π (1 + α ⃗P_p · p̂_d), (2)

where ⃗P_p is the polarization of the parent hyperon, and p̂_d is the momentum unit vector of the daughter baryon seen in the parent’s rest frame. The polarization of the daughter baryon is described by

⃗P_d = (α +

⃗P_p · p̂_d)p̂_d + β( ⃗P_p × p̂_d) + γ[p̂_d × ( ⃗P_p × p̂_d)] 1 + α ⃗P_p · p̂_d . (3)

Note that if the parent hyperons are not polarized then equation (3) simplifies to

⃗P_d = αp̂_d. (4)

A difference in the magnitude of α between the particle decay and that of the antiparticle indicates CP violation. One way to search for CP violation is to measure the asymmetry parameter, A, which is defined as A = α + α α − α . (5)

A non-zero A value means un-ambiguous direct CP violation.

3 HyperCP Experiment

The HyperCP experiment produces charged Ξ particles through the interaction of 800 GeV/c protons with a copper target. Since the proton beam is not polarized and the Ξ samples are selected with an averaged momentum approximately equal to zero, the polarization of these Ξ samples should be close to zero. As a result, the Λ baryons from Ξ decays are polarized along their momentum unit vectors as seen in the Ξ rest frame and is described by

Fig. 1: Λ (Λ̄) decay in the helicity frame.

⃗P_Λ = α_Ξp̂_Λ. (6)

Consequently the angular distribution of the proton in the Λ decay is given by dN d cos θ = 1 2 (1 + α_Λα_Ξ cos θ), (7)

where θ is the angle between the proton momentum and z axis in the Λ helicity frame as shown in Fig. 1.

The product of α_Λα_Ξ can be extracted by measuring the slope of the cos θ distribution. An asymmetry parameter can then be defined as

A_{ΞΛ} = α_Ξα_Λ − α_Ξα_Λ α_Ξα_Λ + α_Ξα_Λ

≈ A_Ξ + A_Λ (8)

where α_Λα_Ξ and α_Λα_Ξ are from Ξ decay and Ξ decay respectively.

Most theories predict that A_Ξ and A_Λ have same sign. Numerical calculations of A_Ξ and A_Λ require knowledge of hadronic matrix elements which are poorly known. The results range from 0 to a little bit less than 10�^3. Superweak theories, which have no |ΔS| = 1 CP-odd effect as proposed by Wolfenstein [6], predicts A_{ΞΛ} = 0. The largest CP asymmetry is predicted by a “Left-right mixing” model [7]. Results of some of these calculations are shown in Table 1.

To date, there is no definitive measurement of A_Ξ. For A_Λ, there are three measurements. The best result is from PS 185 as shown in Table 2.

Model A_Ξ A_Λ

[10�4_{] [10}�4_]

CKM Model [4] −(0.1 − 1) −(0.1 − 0.5) Weinberg [5] ≈ −3.2 ≈ −0.25 Superweak [6] 0 0 LR (isoconjugate) [5] ≈ 0.5 ≈ −0.11 LR (with mixing) [7] < 1 < 7

Table 1 Some theoretical predictions of AΞ and AΛ.

Mode Result Experiment pp → ΛX, p̄p → ΛX 0.02 ± 0.14 R608 [8] e^+e� → J/ψ → ΛΛ 0.01 ± 0.10 DM2 [9] pp̄ → ΛΛ 0.010 ± 0.022 PS185 [10]

Table 2 Existing measurements of AΛ.

4 HyperCP Apparatus

To reach a sensitivity of 10�^4 about 10^9 Ξ� and Ξ^+ should be collected. Therefore a simple, high-rate spectrometer is required. The HyperCP spectrometer is shown schematically in Fig. 2.

To produce charged Ξ particles an 800 GeV/c proton beam is directed onto a 2 mm by 2 mm copper target, either 2 or 6 cm long. A curved collimator is placed inside a 1.6 T dipole magnet to form a “Hyperon channel”, which selects charged particles of momentum around 170 GeV/c. The beam is delivered in spills of about 20 sec duration every 60 sec. Typically a proton beam rate of 1.0 × 10^{11} protons per spill produces a 14 MHz secondary beam rate. Pions, kaons and protons dominate the secondary beam. Once the secondary beam particles clear the collimator, they travel through a 13-meter long evacuated decay region. The air has been evacuated to reduce interaction probability of the decay products because particle and anti-particle have different cross sections for interacting with material. The reduction of interaction probability helps in reducing the systematic uncertainty. This effort is made through the whole spectrometer.

Right after the decay region there are four multiple wire proportional chambers (MWPC) with 1 mm to 1.25 mm wire pitches. Two dipole analysis magnets are deployed after the first four chambers. They provide magnetic fields of 1.3 and 1.1 T respectively. Downstream of the magnets are another four chambers with 1.5 mm to 2 mm wire pitches. There are 19,000 instrumented wires. Farther downstream there are two trigger hodoscopes made of scintillation counters, one on each side of the beam line. The polarity of the analysis magnets is selected so that particles of opposite charge to the

Fig. 2: The spectrometer of HyperCP experiment

parent particles go to right side (OS side) of the beam, while the particles with the same charge as the parent particles go to the other side (SS side). A hadronic calorimeter is placed downstream of the OS hodoscope to reduce trigger background due to muons and due to interactions in the spectrometer material. Two muon stations are placed on both side at the end of the spectrometer. Each of them consists of three steel blocks, six proportional chambers and one muon hodoscope. Between the detector components and inside the analysis magnet aperture there are helium bags to reduce material. To trigger on Ξ events, a simple trigger is formed by requiring a coincidence of OS and SS hodoscopes, and the energy deposited in the calorimeter has to pass a certain threshold. The typical Ξ trigger rate is about 30 kHz. Additional triggers are used to select kaon and muon events as well as for systematic studies. Together, the typical overall trigger rate is 75 kHz.

The data acquisition system has a maximum capability of 17 MB/s sustained throughput. The average dead time is 3 μs per event. Average event size is 550 bytes. During the 1997 run, about 74.4 billion triggers were logged onto about 10,000 tapes, each holding a maximum of 5 GB.

In order to reduce the systematic uncertainty, the polarities of both hyperon magnet and analysis magnets are flipped periodically. The field strengths of both magnets are closely monitored and recorded. The incident angle of the 800 GeV/c proton beam on the target is monitored by two wire chambers placed in front of the target. The distributions in these two wire chambers are also recorded for every spill.

5 Analysis

Fig. 3: Λπ invariant mass for negative and positive Ξ-trigger events. The mass resolution is 1.5 MeV/c^2.

Events having at least three tracks are tested against the Λπ hypothesis. No particle identification is needed to reconstruct Ξ events because due to kinematics they have little chance to overlap with other particles which can also decay into three final particles, such as charged kaon decaying to three pions. Geometrical fit (GFIT) of tracks to MWPC hit positions with constraints of Λ and Ξ vertices, is applied. Cascade events are selected with smallest GFIT χ^2 and with pπ mass being within 3 σ of its peak value. Additional event selections are used to reject background events. One of the selection criteria is that the Λ vertex should be downstream of the Ξ vertex. The Ξ vertex is also required to be downstream of the collimator exit to eliminate background events generated at the collimator exit. Based on some 2 million Ξ� and 0.5 million Ξ^+ reconstructed events, a comparison of normalized Λπ� and Λπ^+ masses is presented in Fig. 3. The excellent mass resolution of 1.5 MeV/c^2 is at the level expected.

It is estimated that there will be 1.3 × 10^9 Ξ� and 2.8 × 10^8 Ξ^+ events reconstructed from the data taken in 1997. With these samples, HyperCP could reach a sensitivity of 2 × 10�^4 in A_{ΞΛ} statistically.

6 Study of Possible Biases

Some possible causes of biases are identified and studied. To study the effect of a finite Ξ polarization, special Ξ samples were taken with incident angles at +2.5 mrad and -2.5 mrad. The cos θ distributions of these two data samples agree with each other as shown in Fig. 4. This suggests that the bias due to Ξ polarization is small. More detailed studies are on going.

Fig. 4: Overlay of the cos θ distributions of opposite polarizations of Ξ samples.

The difference between acceptances of Ξ� and Ξ^+ can also cause a bias. One means of causing acceptance difference is the differential difference between interaction cross sections of particle and anti-particle. Using measured interaction cross sections of proton/anti-proton and π^+/π� we studied this effect by Monte Carlo simulation. Since different part in the cos θ distribution corresponds to different average momentum of proton and pion, the cos θ distribution can be affected. Without any correction this would produce an effect of about 10�^4.

7 Conclusions

With the data taken in 1997 HyperCP should be able to reach a sensitivity of 2 × 10�^4 in A_{ΞΛ} statistically. Studies of systematic uncertainties are in progress. The experiment will take four times more data in 1999. This will improve the sensitivity to the 1 × 10�^4 level.

8 Acknowledgements

We gratefully acknowledge the efforts of the FNAL staff in providing us with good running conditions. This work is supported in part by the U.S. Department of Energy, and the National Science Council of Taiwan, R.O.C.

References

[1] A.D. Sakharov: JETP Lett. 5 (1967) 24;

[2] J.H. Christenson et al.: Phys. Rec. Lett. 13 (1964) 138; [3] T.D. Lee and C.N. Yang: Phys. Rev. 108 (1957) 1645;

[4] X.-G. He and S. Pakvasa: Proceedings of the 8th Meeting Division of Particles and Fields of the American Physical Society, edited by S. Seidel, World, Scientific, Singapore, 1995, p. 984-990.

[5] J.F. Donoghue, X.-G. He and S. Pakvasa: Phys. Rev. D 34 (1986) 833; [6] L. Wolfenstein: Phys. Rev. Lett. 13 (1964) 562;

[7] D. Chang, X.-G. He, and S. Pakvasa: Phys. Rev. Lett. 20 (1995) 3927; [8] P. Chauvat et al.: Phys. Lett. B163 (1985) 273; [9] M.H. Tixier et al.: Phys. Lett. B212 (1988) 523; [10] P.D. Barnes et al.: Phys. Rev. C 54 (1996) 1877;