Hyperon physics with light sgoldstino

D. S. Gorbunov^∗,

Institute for Nuclear Research of the Russian Academy of Sciences, 60th October Anniversary prospect 7a, Moscow 117312, Russia

Abstract

We study sensitivity of hyperon experiments to the scale of supersymmetry breaking √ F in models with light sgoldstinos — superpartners of goldstino. It is found that searches for two-body hyperon decays into nucleon and light pseudoscalar sgoldstino can probe the supersymmetry breaking scale √ F in the 100 TeV range and above, provided MSSM flavor violating parameters are close to their experimental bounds.

1 Introduction

Superpartners of goldstino — longitudinal component of gravitino — may be fairly light. In a variety of models with low energy supersymmetry they are lighter than a few GeV. Such pattern emerges in a number of nonminimal supergravity models [1, 2] and also in gauge mediation models if supersymmetry is broken via non-trivial superpotential (see, e.g., Ref. [3] and references therein). To understand that superpartners of goldstino may be light, it suffices to recall that in globally supersymmetric theories with canonical Kähler potential and in the absence of anomalous abelian gauge factors, the sum of scalar squared masses is equal to the sum of fermion squared masses in each separate sector of the spectrum. Since goldstino is massless, its spinless superpartners (scalar and pseudoscalar particles, S and P , hereafter, sgoldstinos) are massless too; they are associated with a noncompact flat direction of the scalar potential. Higher order terms from the Kähler potential contribute to sgoldstino masses. Provided these terms are sufficiently suppressed, sgoldstinos remain light. Of course, these arguments in no way guarantee that sgoldstinos are always light, but they do indicate

∗e-mail: gorby@ms2.inr.ac.ru

that small sgoldstino masses are rather generic. The theoretical discussion of sgoldstino masses is contained, e.g., in Ref. [4]; here we merely assume that sgoldstino masses are light, so that the hyperon decays into baryon and sgoldstino are kinematically allowed.

Sgoldstinos couple to MSSM fields in the same way as goldstino [5, 6] with corresponding coupling constants being proportional to the ratios of soft terms (squark and gaugino masses, trilinear coupling constants) and the supersymmetry breaking parameter F (the scale of the supersymmetry breaking in the underlying theory is of the order of √ F ). Thus constraints on sgoldstino couplings may be translated into the limits on √ F . The most sensitive probes of sgoldstinos are flavor violating processes, provided that flavor is violated in squark and/or slepton sector.

There are several papers devoted to astrophysical [7, 8], cosmological [9] and collider [10, 11, 12, 13] constraints on models with light sgoldstinos. The role of light sgoldstinos in low-energy laboratory measurements has been studied in detail in Ref. [8]. In particular, it was found that in models where sgoldstino couplings violate flavor, the sensitivity of searches for rare kaon decays K^+ → π^+S to √ F is in the range up to 10^3 −10^4 TeV, provided that the scalar sgoldstino mass is smaller than (m_K − m_π) (see Ref. [8] for details). Similar analysis applies to K^0_L → π^0S decay, and searches for rare neutral kaon decays have sensitivity to √ F of the same order.

A special class of supersymmetric extensions of the Standard Model in which interactions of sgoldstinos with quarks and gluons conserve parity but do not conserve quark flavor, has been considered in Ref. [14]. Parity conservation in sgoldstino interactions with quarks and gluons (as well as with leptons and photons) may not be accidental. As an example, it is natural in theories with spontaneously broken left-right symmetry (see Ref. [14] for details). We note in this regard that left-right symmetric extensions of MSSM not only are aesthetically appealing but also provide a solution [15] to the strong CP-problem, which is a viable alternative to the Peccei–Quinn mechanism. It is likely that sgoldstino interactions will conserve parity in supersymmetric versions of other models (see, e.g., Ref. [16]) designed to solve the strong CP-problem without introducing light axion. It was found [14] that if the pseudoscalar sgoldstino P is light, m_P < (m_K − 2m_π), and the scalar sgoldstino is heavier, m_S > (m_K −m_π), an interesting place for experimental searches is the poorly explored area of three-body decays of kaons, K^0_{S,L} → π^+π^−P , K^0_{S,L} → π^0π^0P and K^+ → π^+π^0P , with P subsequently decaying into γγ, possibly e^+e^−, or flying away from the detector.

In this talk we show, that if sgoldstino is sufficiently light, the hyperon decays into baryon and sgoldstino are kinematically allowed and searches for these decays are very sensitive to sgoldstino couplings in models with light pseudoscalar sgoldstino and parity conservation. These searches for light pseudoscalar sgoldstino would be sensitive to the supersymmetry breaking scale √ F in the 100 TeV range and above, provided MSSM flavor violating parameters are close to their experimental bounds. In particular, these models may be tested by the HyperCP experiment [17] (E871 in FNAL), where collected statistics of Σ^+ and Λ hyperons allows to probe the scale of supersymmetry breaking as large as 10^3 − 10^4 TeV. In models with light scalar sgoldstino and/or parity violating sgoldstino couplings the hyperon decays into baryon and sgoldstino are strongly constrained by searches for two-body kaon decays K^+ → π^+S(P ), K^0_L → π^0S(P ).

2 Sgoldstino decays

For the sgoldstino masses M_{P (S)} of order 200 MeV and smaller, which could be relevant for hyperon physics, the sgoldstino decay rate is saturated by decay into two photons or into μ^+μ^−. From the formulae of Ref. [8] one estimates the sgoldstino life-time as

τ ≃ 10^{−12} ( √ F 1 TeV

)_4 ( 100 GeV M_{soft}

)_2 s , (1)

where √ F denotes the scale of supersymmetry breaking and M_{soft} corresponds to the scale of MSSM soft mass terms. Note, that the unitarity provides the constraint M_{soft} ≲ √ F . The relevant sgoldstino branching ratios are presented in Figs. 1, 2 for two sets of soft supersymmetry breaking parameters of MSSM and (pseudoscalar) sgoldstino mass within the interval M_P < m_Σ − m_p, where m_Σ and m_p are Σ^+-hyperon and proton masses, respectively.

3 Σ^+ → pP (S)

The relevant interaction between sgoldstino (S, P ), down- and strangequarks is parameterized as [14]

L_{q,S(P )} = −S · ( h^{(D)}_{12} · d̄s + h.c. ) − P · ( h^{(D)}_{12} · d̄iγ^5s + h.c. ) . (2)

To estimate the interaction between hyperon, proton and sgoldstino one has to evaluate the matrix elements ⟨p|s̄d|Σ^+⟩ and ⟨p|s̄γ_5d|Σ^+⟩ (In what

Figure 1: Branching ratio of sgoldstino decay into two photons (green solid line), e^+e^− (blue long-dashed line) and μ^+μ^− (red short-dashed line) for m_P < m_Σ − m_p, and A = 100 GeV, M_{γγ} = 100 GeV (see Ref. [8] for details).

Figure 2: Branching ratio of sgoldstino decay into two photons (green solid line), e^+e^− (blue long-dashed line) and μ^+μ^− (red short-dashed line) for m_P < m_Σ − m_p, and A = 300 GeV, M_{γγ} = 100 GeV (see Ref. [8] for details).

follows we will consider only Σ^+ → pP (S) decays, though the interaction (2) is responsible for the decays Λ → nP (S) as well, and the latter branching ratio can be estimated along the same ways, as for the Σ^+ decays.). To this end one can consider the same matrix elements but for the vector and axialvector currents, respectively, and define the form factors A and B as follows,

⟨p|s̄γ^μd|Σ^+⟩ = A · ū_pγ^μu_Σ , ⟨p|s̄γ^μγ_5d|Σ^+⟩ = B · ū_pγ^μγ_5u_Σ .

Actually, these form factors depend on the external momentum (i.e. on sgoldstino mass), but let us treat them as constants, since the deviations are expected to be small. SU(3) symmetry implies that these constants are exactly the same as ones describing Σ^− → ne^−ν decay, hence, A = 1,

B = 0.34 [18]. Then

⟨p|s̄d|Σ^+⟩ = A m_Σ − m_p

m_s

·ū_pu_Σ , ⟨p|s̄γ_5d|Σ^+⟩ = −B m_Σ + m_p m_s

·ū_pγ_5u_Σ , (3)

where m_s, m_Σ and m_p are masses of s-quark, Σ-hyperon and proton, respectively.

Finally one obtains the hyperon decay rates

Γ_Σ+_{→pS} =

|h^{(D)}_{12} |^2|A|^2 8π (m_Σ − m_p)^2 m^2_s (( 1 + m_p m_Σ

)_2 − m^2_S m^2_Σ ) · q_S , (4)

Γ_Σ+_{→pP} =

|h^{(D)}_{12} |^2|B|^2 8π (m_Σ + m_p)^2 m^2_s (( 1 − m_p m_Σ

)_2 − m^2_P m^2_Σ ) · q_P , (5)

where m_S and m_P are masses of scalar and pseudoscalar sgoldstino, respectively, and

q_X = 1 2m_Σ √( (m_Σ + m_X )^2 − m^2_p ) ( (m_Σ − m_X )^2 − m^2_p ) , X = S, P .

In models where scalar sgoldstino S is light, or parity is violated in sgoldstino-quark interactions, the strongest limit on the h^{(D)}_{12} comes from the searches for two-body kaon decays (see Ref. [8] for details),

|h^{(D)}_{12} |^2Br(S → μ^+μ^−) < 5 · 10^{−23} ,

that results in the limits

Br(Σ → pS) · Br(S → μ^+μ^−) < 3 · 10^{−10} , (6) Br(Σ → pP ) · Br(P → μ^+μ^−) < 8 · 10^{−12} . (7)

For other sgoldstino decay modes the corresponding limits are roughly of the same order of magnitude, as the limit for sgoldstino decay into muonantimuon pair. Thus hyperon decay into proton and sgoldstino is highly suppressed in these models.

If scalar sgoldstino is heavy and parity is conserved in sgoldstino-quark interactions, the experimental constraints on the flavor-violating sgoldstino couplings come from the measurements of the parameters of K^0 −K̄^0 system and read [14]

|h^{(D)}_{12} |^2 < 5 · 10^{−15} for Im[h^{(D)}_{12} ] ≫ (≪)Re[h^{(D)}_{12} ] , (8) (Im[h^{(D)}_{12} ])^2 < 1.5 · 10^{−17} for Im[h^{(D)}_{12} ] ≃ Re[h^{(D)}_{12} ] , (9) and from the limits on K^+ → P π^+π^0 decays [14, 19].

These limits imply that hyperon decay to sgoldstino and proton is allowed at the level of 10^{−3} − 10^{−4}, depending on sgoldstino mass and pattern of MSSM soft terms. The corresponding branching ratios as a function of sgoldstino mass are presented in Figs. 3, 4. Taking into account the sgold-

Figure 3: Upper bound on the branching ratio of hyperon decay into proton and light pseudoscalar sgoldstino for m_P < m_Σ − m_p in models with Im[h^{(D)}_{12} ] ≫ (≪)Re[h^{(D)}_{12} ].

Figure 4: Upper bound on the branching ratio of hyperon decay into proton and light pseudoscalar sgoldstino for m_P < m_Σ − m_p in models with Im[h^{(D)}_{12} ] ≃ Re[h^{(D)}_{12} ].

stino branching ratios one can expect to strengthen the bound on h^{(D)}_{12} by one-three orders of magnitude. One can show, that Λ → nP decay exhibits the similar sensitivity to the same sgoldstino coupling constants.

4 Conclusions

We estimated hyperon decay widths into baryon and sgoldstino. The experimental limits on the sgoldstino couplings imply that Σ^+-hyperon decay to sgoldstino and proton and Λ-hyperon decay to sgoldstino and neutron are allowed at the level of 10^{−3} − 10^{−4} in models with light pseudoscalar sgoldstino and parity conserving sgoldstino couplings. In models with lights scalar sgoldstino and/or parity violating sgoldstino couplings the hyperon decays into baryon and sgoldstino are strongly constrained by searches for two-body kaon decays K^+ → π^+S(P ), K^0_L → π^0S(P ).

The large statistics of hyperon decays (∼ 10^{10} for Σ^+ and 10^8 for Λ) collected in HyperCP experiment (E871) gives an opportunity to probe the scale of supersymmetry breaking as large as √ F ∼ 10^3 − 10^4 TeV, provided MSSM flavor violating parameters are close to their experimental bounds.

The authors are indebted to H. Park whose interest in sgoldstino phenomenology initiated the presented research. We acknowledge also discussions with V.A. Rubakov and M. Longo.

This study was supported in part by the RFBR grant 02-02-17398, by the grants of the President of the Russian Federation NS-2184.2003.2, MK- 2788.2003.02, by the grants of the Russian Science Support Foundation and by the fellowships of the ”Dynasty” foundation (awarded by the Scientific Council of ICFPM).

References

[1] J. Ellis, K. Enqvist, D. Nanopoulos, Phys. Lett. B147 (1984) 99;

J. Ellis, K. Enqvist, D. Nanopoulos, Phys. Lett. B151 (1985) 357.

[2] T. Bhattacharya, P. Roy, Phys. Rev. D38 (1988) 2284.

[3] G. Giudice, R. Rattazzi, , Phys. Rep. 322 (1999) 419; S. Dubovsky, D. Gorbunov, S. Troitsky, Phys.-Usp. 42 (1999) 705.

[4] A. Brignole, F. Feruglio, F. Zwirner, Phys. Lett. B438 (1998) 89.

[5] T. Bhattacharya, P. Roy, Phys. Lett. B206 (1988) 655.

[6] D. S. Gorbunov and A. V. Semenov, arXiv:hep-ph/0111291.

[7] J. Grifols, R. Mohapatra, A. Riotto, Phys. Lett. B400 (1997) 124.

[8] D. S. Gorbunov, “Light sgoldstino: Precision measurements versus collider searches,” Nucl. Phys. B 602, 213 (2001).

[9] T. Gherghetta, Phys. Lett. B423 (1998) 311.

[10] D. Dicus, S. Nandi, J. Woodside, Phys. Rev. D41 (1990) 2347; D. Dicus, S. Nandi, Phys. Rev. D56 (1997) 4166.

[11] E. Perazzi, G. Ridolfi, F. Zwirner, Nucl. Phys. B574 (2000) 3.

[12] E. Perazzi, G. Ridolfi, F. Zwirner, Signatures of massive sgoldstinos at hadron colliders, hep-ph/0005076.

[13] D. S. Gorbunov and N. V. Krasnikov, JHEP 0207 (2002) 043;

S. V. Demidov and D. S. Gorbunov, arXiv:hep-ph/0405213.

[14] D. S. Gorbunov and V. A. Rubakov, “Kaon physics with light sgoldstinos and parity conservation,” Phys. Rev. D 64, 054008 (2001).

[15] R. Kuchimanchi, Phys. Rev. Lett. 76 (1996) 3486; R. N. Mohapatra and A. Rasin, Phys. Rev. Lett. 76 (1996) 3490; R. N. Mohapatra and A. Rasin, Phys. Rev. D54 (1996) 5835; R. N. Mohapatra, A. Rasin and G. Senjanovic, Phys. Rev. Lett. 79 (1997) 4744.

[16] S. H. Tye, Phys. Rev. Lett. 47 (1981) 1035; V. A. Rubakov, JETP Lett.

65 (1997) 621.

[17] http://ppd.fnal.gov/experiments/e871

[18] K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D 66, 010001 (2002).

[19] KTeV Collaboration (J. Adams et al.); Phys. Rev. Lett. 80 (1998) 4123; Y. Takeuchi et al., Phys. Lett. B443 (1998) 409; NA48 Collaboration, Talk given by V. Kekelidze at XXXth International Conference on High Energy Physics, July 27 - August 2, 2000, Osaka, Japan.; A. Lai et al. [NA48 Collaboration], Phys. Lett. B496 (2000) 137; I. V. Ajinenko et al., arXiv:hep-ex/0212060. ; I. V. Ajinenko et al., arXiv:hep-ex/0308061.