PDMI PREPRINT — 6/1997

QUANTUM THEORY OF UNSTABLE PARTICLES AND RELATIVITY

Leonid A. KHALFIN

Russian Academy of Sciences Steklov Mathematical Institute St. Petersburg Department Fontanka 27, St. Petersburg 191011, Russia E-mail: khalfin@pdmi.ras.ru

March 12, 1997

ABSTRACT A new phenomena on connection between Quantum Theory of unstable elementary particles and Relativity was derived. New exact expression for the mean life time of the unstable elementary particles with nonzero momentum was derived, which is different from the usually used. Some proposals for the critical experiments were discussed

Typeset by AMS-TEX

0. As we know now almost all elementary particles (and even the fundamental particlesleptons and quarks) are unstable for spontanious decay. Only electron, positron and γ quants (photons) are stable as assumed by the modern theoretical point of view. From the experimental point of view even for the electron (positron) we know only such estimate for its mean life time τ_e > 2.7 ∗ 10^{+27}yr. [1]. At the same time usually unstable elementary particles were investigated theoretically as quasistable and such approach based on the fact that the usual elementary particles, which decay is induced by electromagnetic and weak interactions, have the ”infinite” mean life times in the scale of strong interactions, which induced the masses of these elementary particles. In another words it means that for the usual elementary particles 2Γ/m_0 << 1, where m_0 is the ”mass” of the unstable particle and Γ is the width of the mass distribution of the unstable particle, which corresponds to the mean life time τ according to τ = (2Γ)�^1. For example, 2Γ_π+ /m_π+ w 10�^{15}, but 2Γ_π0 /m_π0 w 10�^7, and for particles-resonances situation is very different. For example, for neutral gauge boson Z we have [1] 2Γ_Z /m_Z w 3 ∗ 10�^2 and for ρ meson even bigger 2Γ_ρ/m_ρ w 2 ∗ 10�^1.

As was pointed above, contrary to the fact of the unstability of the elementary particles usually theoretical investigations neglect by this and investigate in main they in the limit 2Γ/m_0 → 0. For example, the scattering of unstable elementary particles (like π meson) was investigated as scattering of stable particles. This was founded on the base that 2Γ/m_0 << 1, and on the base that the usual stationary quantum theory of scattering (S matrix approach) assumed that |in > and |out > states are states of stable particles (but see the nonstationary quantum theory of the wave packets scattering in [2] and references therein). Of course, it is impossible to neglect by the unstability of the elementary particles if we investigate the decay of the unstable particles. But usually in the investigations of the decay was used the famous Weisskopf- Wigner (WW) approximation, which founded the exponential decay law of unstable particles and corresponds again to the limit 2Γ/m_0 → 0. It is natural interest to the rigorous theory, in which we investigate theory beyond the limit 2Γ/m_0 → 0. This rigorous theory was derived new phenomena like the nonexponentiality (see [3] and references therein) of the decay law, Quantum Zeno Effect (QZE)- ”Man made Physics” (see [4] and references therein). In this paper I investigate within rigorous quantum theory a new phenomena of the connection between the Quantum Theory and the Relativity, which is true even for the exponential decay law.

1. I shall start with the simplest example. Usually famous Pauli’s prediction [5] of neutrino founded in such way. In 1914 Chadwick [6] was derived experimentally that the electrons in the β radioactive decay have the continious spectrum of energy. It was looked as direct contradiction to the fundamental energy-momentum conservation law within special relativity theory, if the β radioactive decay is two-body decay. Indeed, if the β radioactive atomic nucleus (Z) is in the rest (with momentum k = 0) and has the fixed (deterministic) mass (energy), as have also the daughter stable nucleus (Z − 1) and the electron, then the relativistic energy-momentum conservation law states that

⃗k_{(Z}�_{1)} + ⃗k_e = 0 =⇒ |⃗k_{(Z}�_{1)}| = |⃗k_e| = k

m_{(Z)} = √ m^2_{(Z}�_{1)} + k^2 + √ m^2_e + k^2 (1)

From (1) it evidently follows that the electron must has the monochromatic (δ- function) energy spectrum in the assumed two-body β radioactive decay. On the base of this contradiction Bohr in 1932 [7] (after construction of the Quantum Theory !) assumed that the energy conservation law was violated in the β decay, and he was refused from this assumption only in 1936. Contrary Pauli in 1930 [5] on the base of this contradiction assumed that the relativistic energy-momentum conservation law is absolutly true, but the β radioactive decay is not two-body, but is three-body decay with the new particle- neutrino. But the statement (1), on which were based Bohr’s and Pauli’s hypotheses, is incorrect, as was made clear within quantum theory of unstable states only later ( Weisskopf- Wigner (1930) [8], Mandelstam- Tamm (1945) [9] and more rigirously Fock- Krylov (1947) [10]), because unstable radioactive nucleus (and ,in general, all unstable states) cannot has the fixed (deterministic) mass (energy) !!! On the base of the Fock- Krylov theorem the unstable β radioactive nucleus (Z) must has the continious mass (energy) distribution, which is the dynamical invariant. From this follows that the electron in the assumed two-body β decay must has also the continious energy spectrum in formal accordance with Chadwick’s experimental result. So formally Bohr was right on the statement that the fixed energy is not conserved in the β decay -in the decay must be conserved the distribution of the energy, the continious energy spectrum (quantum dynamical invariant). But if it is so, why it was nessecary Pauli’s prophecy? The fundamental additional experimental facts, which we know, are the mean life times of the β radioactive nucleas decay. So, if we assumed that the experimentally observed continious energy spectrum of the electron in the assumed two − body decay connects with the Fock-Krylov theorem, then the mean life time of the β decay must be fantastically small !!! For example, for tritium β decay the corresponding mean life time must be of the order 10�^{17}sec, which is in the crying contradiction with the experimental mean life time. Exactly this contradiction with the experimental values of the mean life times of the β radioactive decay founded the Pauli’s prophecy statement on the existance of neutrino, but not his original foundation, which was theoretically incorrect (I not discuss here the additional Pauli’s arguments, which were connected with spin). Only such genius as Pauli can derived his neutrino prophecy on the base of incorrect foundation. Even now incorrectness of this foundation was not well understood- see first sentence ”Conservation laws have long been a foundation of physics and careful tests of their validity have led to imortant discoveries, such as neutrinos” from J.F.Bell and T.Damour ”A new test of conservation laws and Lorentz invariance in relativistic gravity”, Institut des Hautes Etudes Scientifiques preprint IHES/P/96/36, June 1996.

The consideration above demonstrates very delicate connection between Quantum Theory and Relativity. For more deep and delicate connection see part 2. of this paper. Of course, consideration above of the β decay of atomic nucleus has in main the historical and methodical interest. But at the same time this consideration is essential for the investigation one of the intriguing problem of modern physics- the problem of finite mass of neutrino. Indeed, the usual expression from the Fermi’s theory [11] for the electron energy spectrum in the three-body (with neutrino) β decay based again on the energy-momentum conservation law for this three-body decay, which assumed that the unstable β radioactive nucleus has the fixed mass (energy) E_0 in contradiction with the main statement of the quantum theory of unstable states. Of course, the effect of unstability is in general very small, because the mean life times of β decay are large (Γ/E_0 << 1), but this effect is essential near the ”end-point” E = E_0 − m_{ν̄e}, because this effect changes the analytical properties of the energy spectrum of the electron (see new experimental works [12] and discussion of the negative m^2_{ν̄e} puzzle [1] in [13]). In the separate paper I shall discuss in details the effect of the unstability of the β radioactive atomic nucleus on the analytical properties of the energy β spectrum and on the methods of an estimation of neutrino mass m_{ν̄e} = 0.

2. Let us now investigate the problem of the determination of the mean life time of the unstable particles with momentum k, which is not zero. Usual consideration of this problem (see any text book in physics) is such. If the exponential decay law of the unstable paricle in rest (k = 0) is for t = 0

L(t) = exp(−2Γt) (2) then the decay law for unstable paricle with the momentum k is

L(t|k) = exp(−2Γ m_0 √ m^2_0 + k^2 t) (3)

where m_0 is the ”mass” of the unstable particle. This expression follows directly from the relativistic kinematics (famous relativistic change of the time scale), if we assumed that the unstable particle has the fixed (determenistic) mass m_0. But this assumption is incorrect and evidently contradicts to the main statement of the quantum theory of unstable states (particles) !!! Nevertheless this (3) expression was excelent verified by the experiments and usually interpretates as the one of the best experimental proof of the special relativity, and this expression is the main foundation of all experiments with the elementary particles.

I shall prove now that the expression (3) is indeed very good approximation for usual elementary particles (2Γ/m_0 << 1) (but not for particles-resonances), but the exact expression of the exponential decay law is different from (3) as if it demonstartes the ”violation” of the special relativity (!?).

P ROOF : On the base of Fock-Krylov theorem [10] we have p(t|k) = ∫ SpecH ω(E|k) exp(−iEt)dE (4) where p(t|k) is the survive amplitude ( the amplitude of the probability that at the time t unstable particle will be in the initial nondecay state), and ω(E|k) is the conditional density of the energy distributiion of the unstable particle with the momentum k. From the fundamental expression of the relativity E^2 = m^2 + k^2 (5)

follows directly that ω(E|k)dE = ω̄(m|k)dm (6) where ω̄(m|k) is the conditional density of the mass distribution of the unstable particle with momentum k. But the mass distribution of the elementary unstable particles is invariant, which is independent from the momentum ω̄(m) = ω̄(m|k), and in general from the ”preparation”, from the conditions of the creation of the elementary particles. This is the fundamental assumption of the quantum theory of the elementary particles (see discussion of this fundamental assumption later).

Within usual Breit- Wigner (BW) simple one-pole mass distribution assumption we have

ω̄(m) = (Γ/π)[(m − m_0)^2 + Γ^2]�^1 (7)

where assumed such normalization condition ∫_+1

�1^{ω̄(m)dm = 1 (7a)}

in accordance with the used for the exponential decay the WW approximation. On the base of (4),(6),(7) we obtain p(t|k) = ∫ SpecH (Γ/π)[(m − m_0)^2 + Γ^2]�^1 exp(−i √ m^2 + k^2t)dm (8)

By neglecting the nonexponential terms we obtain from (8) for t = 0 { p(t|k) w ∫_+1

�1^{(Γ/π)[(m − m0)2 + Γ2]}�^{1exp(−i√m2 + k2t)dm} = exp(−i √ (m_0 − iΓ)^2 + k^2t) (9)

But we have { √ (m_0 − iΓ)^2 + k^2 = √ m^2_0 + k^2 − Γ^2 − 2iΓm_0 = [(m^2_0 + k^2 − Γ^2)^2 + 4Γ^2m^2_0]^{1/4}exp[−i^1_2 arctn(^{2Γm0}_{m20+k2}�_{Γ2} )]

(10)

On the base of (10) we obtain from (9) { p(t|k) w exp(−i[(m^2_0 + k^2 − Γ^2)^2 + 4Γ^2m^2_0]^{1/4}cos[^1_2 arctn(^{2Γm0}_{m20+k2}�_{Γ2} )]t)

exp(−[(m^2_0 + k^2 − Γ^2)^2 + 4Γ^2m^2_0]^{1/4}sin[^1_2 arctn(^{2Γm0}_{m20+k2}�_{Γ2} )]t)

(11)

From (11) we obtain such expression for the exponential term in the decay law of the unstable elementary particle with momentum k

L(t|k) = exp(−2[(m^2_0 + k^2 − Γ^2)^2 + 4Γ^2m^2_0]^{1/4}sin[ 1 2 arctn( 2Γm_0 m^2_0 + k^2 − Γ^2

)]t) (12)

The new expression (12) is in general evidently different from the usually used expression (3). Only for k = 0 the expressions (11) and (12) are the same as the standard { p(t) = exp(−im_0t − Γt) L(t) = exp(−2Γt) (13)

The biggest difference between usual expression (3) and the new exact (11),(12) is for k = Γ { p(t|k) w exp(−i[(m^4_0 + 4Γ^2m^2_0]^{1/4}cos[^1_2 arctn(^{2Γ}_{m0} )]t) exp(−[(m^4_0 + 4Γ^2m^2_0]^{1/4}sin[^1_2 arctn(^{2Γ}_{m0} )]t)

(14)

and L(t|k) = exp(−2[(m^4_0 + 4Γ^2m^2_0]^{1/4}sin[ 1 2 arctn( 2Γ m_0

)]t) (15)

So for k = Γ dissapiar the famous relativistic change of the time scale for the mean life time!!! Of course, this not in the least meens the ”violation” of the special relativity, because the special relativity by itself was derived within classical physics and the usual relativistic change of time scale is true only for the motion of the stable particles of classical physics with the fixed massin classical physics donot exist unstable particles with the continious mass distribution, and the spontaniuos decay of the unstable states (particles) is the typical quantum phenomena.

If Γ << m_0 and k >> Γ, as it is true for the usual unstable elementary particles (like π mesons, but not for particles-resonances like ρ meson) with relativistic momentum k, then from (11) and (12) follow the usual results as the main term of the asymptotics for Γ/m_0 → 0 p(t|k) = exp(−i √ m^2_0 + k^2t)exp(−Γ^{m0}√_{m20+k2} t) L(t|k) = exp(−2Γ^{m0}√_{m20+k2} t) (16)

Derived above unexpected results prove that in principal the exact experimental investigation of the decay law of the unstable elementary parrticles with momentum k ≠ 0, but not only the main asymptotical term (see (16)), must indicate the violation of the usually used (3) relativistic kinematics for the mean life time. This exact experimental result will be not the proof of the violation of the special relativity, but contrary such experimental result will essentially confirm the truth of the relativity not only for classical, but also for quantum physics, including the special properties of the unstable elementary particles. A priori possibility of the violation of the relativity for the unstable elementary particles is not excepted, because the axiomatics of the relativity is true within classical physics, in which all particles are absolutly stable. Such hard (see below) experiment will be interesting also, because the truth of the expressions (11),(12) will be the proof of the fundamental assumption of the physics of the elementary particles on the invariance of the mass distributions of such particles independently of the reactions of they creation. This fundamental assumption of the identity of the all elementary particles of the fixed type (for example, of all π^+ mesons) is the base of elementary particles physics, which was unconditionally supported for stable elementary particles (like all electrons in the universe) by famous Pauli’s principle, but still is not absolutly proved for unstable elementary particles, because the application of the Pauli’s principle for the unstable particles is not so evident [14]. In [14] it was derived that for the proof of the Pauli’s principle for unstable particles we must know on the identity of the mass distributions for all unstable particles of the fixed type (for example, for all π^0 mesons). This need experiments with resolution power in mass (energy) of the odrer of the width of the mass distributions. Today experiments have not such resolution power for the usual unstable particles, but for particles-resonances such real experiments (for example in the reaction of creation of two ρ meson- twins) were proposed in [14].

Because the difference between the usually used expression (3) and the exact expression (12) is true for all times, then it is possible to do experiments for the times of the order of the mean life times, for which the experimental statistics can be sufficiently large. From this point of view such experiments have the preference before the experiments on the nonexponentiality (see record experiments of E.B.Norman team (LBL) [15] and article in ”Nature” [16]), especially for the long times. The optimal experiment now (because we cannot now to measure the decay law for particles-resonances) is for π^0 meson. For k = Γ_π0 we obtain for the ususal expression (3)

L_π0 (t|k = Γ_π0 ) = exp(−2Γ_π0 [1 − 1, 8 ∗ 10�^{15}]t) (17)

and for the exact expression (12)

L_π0 (t|k = Γ_π0 ) = exp(−2Γ_π0 [1 + 1, 0 ∗ 10�^{14}]t) (18)

We see that such experiment need to improve today accuracy of the measuremenet of the mean life time of π^0 meson by 14 orderds, and this looks as fantastics with today experimental possibilities. But it is possible to use the Mossbauer effect as filter, which gives possibility of the experiment on the decay with the filtering of the decay products (γ quants) with the resolution inside the natural line, or in another words inside the width of the energy (mass) distribution of the unstable nucleus. In a separate paper I shall give detail theoretical investigation of this intriguing proposal.

Another intriguing possibility, and even more interesting, is the experiment with K^0-K̄^0 mesons, which have the big mass distribution overlapping. As was derived in my works (see, for example, [4],[17] and references therein) this unique situation give new effects beyond the approximate Lee- Oehme- Yang theory [18], which was based on the WW approximation, and these new effects are proportional to the dimensless parameter Γ_L/(m_L − m_S ) w 10�^3. This parameter is much bigger than the usual dimensless parameter for usual elementary particles Γ/m_0 << 1. In a separate paper I shall give detail theory of the interference experiment for K^0- K̄^0, which will give the real possibility to test new expressions (11), (12) for the mean life time, and energy of the unstable particles with nonzero momentum.

ACKNOWLEDGMENTS My big thanks to M. Gromov for the invitation (September 1996) to the Institut des Hautes Etudes Scientifiques (IHES), warm hospitality and extremly nice conditions for scientific work at IHES. My specially thanks to M. Gromov, A. Connes, M. Kontsevich for interesting discussions on the specific properties of the quantum theory of the unstable states (particles).

References

[1] Particle Data Group, Phys. Rev.,D 50, 1173 (1994).

[2] L. A. Khalfin, ”The quantum theory of wave packet scattering, causality and supeluminal tunneling”-report on the scientific session Department of General Physics an Astronomy Russian Academy of Sciences, Uspekhi Fisicheskikh Nauk, v.166, 688 (1996); invited report on Adriatico Research Conference ”Tunneling and its Application”, 30 July- 2 August 1996, Triest, Italy.

[3] L. A. Khalfin, DAN USSR, v.115, 277 (1957); JETPh, v.33, 1371 (1958); ”Quantum decay theory of unstable physical systems”, Ph. D. dissertation, Lebedev Physical Institute, (1960). P. T. Mattews, A. Salam, Phys. Rev. ,v.112, 283 (1958). M. Levy, Nuovo Cimento, v.14, 612 (1959). J. Schwinger, Ann. Phys., v.9, 169 (1960).

L. Fonda, G. C. Girardi, A. Rimini, Rep. Prog. Phys., v.41,587 (1978).

[4] L. A. Khalfin, DAN USSR, v.141, 599 (1961); JETPh Lett., v.8, 106 (1968): ”Investigations on the quantum theory of the unstable particles”, Doctor of Science dissertation Lebedev Physical Institute (1968)- Laboratory of Theoretical Physics JINR (1972); Uspekhi Fisicheskikh Nauk, v.160, 185 (1990). B. Misra, E. C. G. Sudarshan, J. Math. Phys., v.18, 756 (1977). A. Sudbery, Ann. Phys., v.157, 512 (1984).

[5] W. Pauli, Open Letter to Geiger and Meitner (1930); report on APS meeting, Pasadena (1931); Noyaux Atomiques, Proc. Solvay Congress, 324 (1934), Bruxelles; Aufsattze und Vortrage uber Physik und Erkenntnisttheory, Braunnschweig, (1961).

[6] J. Chadwick, Verh. dtsch. phys.. Ges., v.16, 383 (1814). [7] N. Bohr, Faraday Lecture, Journ. Chem. Soc., 349 (1932). [8] V. Weisskopf, E. Wigner, Zs. f. Phys., v.63, 54 (1930), v.65, 18 (1930). [9] L. I. Mandelstam, I. E. Tamm, Izvestiya AN USSR, ser. phys., v. 9, 122 (1945). [10] V. A. Fock, N.S. Krylov, JETPh, v.17, 93 (1947).

[11] E. Fermi, Zs. f. Phys., v.88, 161 (1934); Ric. Sci., v.2, Part 12 (1933).

F. Perrin , Compt. Rend., v. 197, 1625 (1933). [12] A. I. Belishev et al., Phys. Lett., B350, 263 (1995).

W. Stoeffl, D. Decman, Phys. Rev. Lett., v.75, 3237 (1995).

[13] Leonid A. Khalfin, ”New method for investigation of m2¯˚_e from tritium fi spectrum exerimental data and solution of the negative m2¯˚_e puzzle”, PDMI Preprint-8/1996, May 1996.

Maats Roos, L. A. Khalfin, ”Dangers of Unphysical Regions”, Preprint HU-TFT- 96- 13, Research Institute for Theoretical Physics University of Helsinki, 20 May 1996.

[14] L. A Khalfin, Yadernaya Fisika, v.4, 443 (1966).

[15] B. Norman et al., Phys. Rev. Lett., v.60, 2246 (1988); Phys. Lett., B357, 521 (1995). [16] P. T. Greenland, Nature, v.335, 298 (1988).

[17] L. A. Khalfin, JETPh Lett., v.25, 349 (1972); Proceedings of Seminar ”Group Theoretical Methods in Physics”, v.2, 608, ed. M. Markov, ”Nauka”,M., (1986); ”New Results on the CP-vvolation Problem”, Preprint CPT, The University of Texas at Austin, DOE-ER 40200-211, Austin, USA, February 1990. Leonid A. Khalfin, Boris. S. Tsirelson, Found. Fhys., v.22, 879 (1992).

Leonid A. Khalfin, EURODAFNE Collaboration Meeting, LNF-94/033 (IR), 249 (1994), Frascati. Italy.

Leonid A. Khalfin, ”Unconditional Tests of Discrete Symmetries by K Mesons Beyond the Approximate Lee- Oehme- Yang Theory”- invited report on Intern. Workshop on K Physics, Orsay, France,May 1996 (will be published in Proceedings).

Leonid A. Khalfin, ”CP-violation Problem Beyond the Standard Lee Oehme- Yang Theory”-invited report on XXI Inter. Colloq. on Group Theoretical Methods in Physics, Gosslar, Germany, July 1996 (will be published in Proceedings).

[18] T. D. Lee, R. Oehme, C. N. Yang, Phys. Rev., v.106, 340 (1957).