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 2012 August 25Possible polarized neutron-nucleus scattering search for a newspin-dependent nucleon-nucleon coupling in a Fm rangeYu.N.Pokotilovski1)Joint Institute for Nuclear Research, 141980 Dubna, RussiaSubmitted 17 July 2012An experimental opportunity is presented for the future to measure possible P - and T -non-invariant axion-like interaction between nucleons in a Fm range. This interaction may be searched for in the measurementspin-dependent asymmetry of scattering of polarized neutrons in a keV{MeV energy range by heavy nuclei.1. Introduction. Possible new hypothetical inter-actions coupling mass to particle spin were discussed ina number of papers [1{3]. At the same time, there are se-rious theoretical arguments that there may exist scalaror pseudoscalar, vector or pseudovector, weakly inter-acting bosons. Generally the proposed models can notpredict the masses of these particles and their couplingto nucleons, leptons, and photons.The most popular and actively discussed possibilityfor the existence of new light particles is a pseudoscalarboson { axion [4]. Its existence provides attractive solu-tion of the strong CP problem [5].The original \standard" axion model [4] gave strictpredictions for the mass of axion and coupling constantsbetween axions and other particles but was disprovedby experiments.New theoretical models of \invisible" axions:"hadronic" or KSVZ [6] and DFSZ [7] protected axionfrom existing experimental constraints suppressingtheir interaction with matter, but retaining at the sametime possibility of solution of the strong CP problem.In all these models of pseudo-Goldstone boson, themasses and coupling constants are determined by oneconstant fa { the scale of the global U(1)P�Q { Peccei{Quinn symmetry breaking, and axion may have mass ina very large range: (10�12 < ma < 106) eV. Currentalgebra relates the masses of the axion and neutral pion:mafa = m�f�pz=(z + 1), where z = mu=md = 0:56,f� � 93MeV, m� = 135MeV, so that ma (eV) �� 6 � 106=fa (GeV). The coupling of the axion with afermion with mass mf can be in general expressed asgaff = Cfmf=fa, where Cf is the model dependent fac-tor [8, 9].Numerous nuclear transition, weak decays, reactor,and beam-dump experiments have placed limits on theaxion mass and coupling constants. The most stringentlimits, especially from the lower side of the axion mass1)e-mail: pokot@nf.jinr.ru

range, have been set on the existence of axion usingastrophysical and cosmological arguments [8{10]. Mostrecent constraints limit the axion mass to rather low val-ues: (10�5 < ma < 10�3) eV with very small couplingconstants to quarks and photon.Axion is still one of the candidates for the cold darkmatter of the Universe [11].These limits are more strong than are reached inlaboratory experiments. Nevertheless it is of interest totry to constrain the axion using laboratory means be-cause interpretation of laboratory experiments dependon less number of assumptions than the constraints in-ferred from astrophysical and cosmological observationsand calculations.On the other hand the direct experimental con-straints on the axion-like interaction may be useful forlimitingmore general class of bosons and spin-dependentinteractions irrespective to any particular theoreticalmodel.Other models proposed to solve the strong CP prob-lem come from the idea of mirror world [12] and super-symmetry [13]. These models allow for existence ofpseudoscalars with much larger masses.Various uni�cations of Standard Model predict newvector and pseudovector weakly interacting bosons[14, 15].New possible experimental schemes for the searchfor these particles with masses from a few MeV arediscussed [16, 17] and old experimental data are re-processed [18].On the other hand some experimental evidence ofexistence of scalar or pseudoscalar particles in the massrange form one to dozens MeV appeared last years in anumber of publications.Measurements of electron-positron pair productionby high energy particles in emulsions yielded signi�-cant excess of events with angles between electron andpositron tracks larger than predicted from QED cal-culations of external pair production by photons (see�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012 221



222 Yu.N.Pokotilovskirecent reanalysis and review article [19] and referencestherein). The deviation was interpreted as decays of neu-tral bosons with lifetimes between 10�16 and 10�14 s.Probable mass of these particles was found to be be-tween 1.5 and 30MeV. Additional evidence in favor ofexistence of neutral bosons in this mass range comesfrom the investigation of internal pair conversion in de-cays of excited states of light nuclei (references can befound in [19]).Particles with mass in a MeV range are considered[20, 21] as possible dark matter candidates in connec-tion with the observed 511keV gamma-ray line from thegalactic center [22].Berezhiani and Drago [23] in attempt to resolve puz-zles of giant gamma-ray bursts assumed the existenceof pseudo-Goldstone bosons heavier than already con-strained light axion. They found that pseudoscalars in amass range 0:3 < ma < few MeV can provide mechanismfor the cosmic gamma-ray bursts. Their approach waspurely phenomenological, considering masses ma andcouplings ga
 , gaN , gae as independent. These \large"masses are not excluded by laboratory experiments orastrophysical calculations based upon stellar evolutionmodels.Laboratory search for weakly interacting neutralpseudoscalar particles in beam-dump experiments (forreview see [8]) is based on production and subsequentdecay of these particles: �+ ! e++ �e + a (a! e+e�),K+ ! �+ + a (invisible), B+ ! K+ + a (invisible),J= ! 
 + a (invisible), � ! 
 + a (invisible) and in-cludes assumptions on decay properties of these parti-cles.Very recently Gninenko [24] considered the experi-mental data on the radiative decays of neutral �-mesonsin a hypothetical mode �0 ! 
X , where X is a newboson in a MeV mass range to constrain the coupling ofX with ordinary matter.Decays �! �U with the following decay U ! e+e�,where U is pseudovector boson with mass mU > 5 MeVwere used in [25] to limit interaction strength of theseparticles.Searches of axions with an energy of 5.5 MeV pro-duced in the p(d;3 He)a reaction in the Sun were per-formed in [26, 27]. The range of axion mass has beenextended in these works to 5MeV. The axion detectionscheme used in these studies includes Compton!axionconversion a + e ! e + 
, the axio-electric e�ecta + e + Z ! e + Z and axion!photon conversiona+ Z ! 
 + Z (Primako� process).We consider here possible low-energy (below 1 MeV)polarized neutron-nucleus scattering experiment sensi-

tive to the axion-like interaction in the range � == ~=(mac)� (10�13�10�9) cm.In the nucleon-nucleus scattering approach no as-sumption is made on decay properties of particles ortheir interaction with leptons and photons.2. Monopole-dipole interaction. A P - and T -odd monopole-dipole interaction potential between spinand matter (polarized and unpolarized nucleons) has aform [28]:U(r) = (� � n)gsgp~28�mn  1�r + 1r2!e�r=�; (1)where gs and gp are dimensionless coupling constantsof the scalar and pseudoscalar vertices (unpolarized andpolarized particles), mn is the nucleon mass at the po-larized vertex, � is vector of the Pauli matrices relatedto the nucleon spin, r is the distance between the nucle-ons, � = ~=mac is the range of the force, ma is the axionmass, and n = r=r is the unit vector.In the notations of the general classi�cation of all pos-sible interactions between two nonrelativistic spin 1/2particles [29] this potential is of the type V9;10.The neutron-nucleus scattering amplitude followingfrom the interaction of Eq. (1) isfa(q) = �igsgpN � � nq4� q�21 + (q�)2 ; (2)where q is the neutron scattering vector, nq = q=q isthe unit vector, q = 2 k sin(�=2), the neutron wave vec-tor in the center of mass system k(F�1) = 2:1968 �� 10�4 AA+1E1=2n , the neutron energy En in the lab. sys-tem in eV, and N is the nucleon number in the nucleus.This amplitude is maximal at q = 1=� and isfa(�) = �igsgpN�8� ; (3)the sign depending on the sign of the scalar product� � nq.The observable in a polarized neutron-nucleus scat-tering test of monopole-dipole interaction is the left-right or forward-backward spin-dependent asymmetryof scattering of transversely or, respectively, longitudi-nally polarized neutrons.Neutrons with energies in the range (10 < En << 106) eV correspond to the � range in Eqs. (2) and (3):(3 < � < 103) F, and ma range (0:2 < ma < 70)MeV.The low-energy neutron-nucleus scattering amplitudeisf(q)=f0(q)+ f1(q) + fSch(q)+ fn�e(q)+ fp(q) + fa(q);(4)�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012



Possible polarized neutron-nucleus scattering search : : : 223where f0(q) is the amplitude of s-scattering, f1(q) is theamplitude of p-scattering, fSch is the amplitude of elec-tromagnetic (Schwinger) scattering of the neutron mag-netic moment in the Coulomb �eld of the nucleus, fn�e isthe amplitude of the neutron scattering by atomic elec-trons, fp is the amplitude of neutron-nucleus scatter-ing due to the neutron electric polarizability, fa is theamplitude of a hypothetical long-range spin-dependentneutron-nucleus interaction. Higher neutron angularmomenta were neglected in this expression.As is known, small scattering amplitudes fn�e andfp are determined experimentally through their interfer-ence with the real part of the neutron-nucleus scatteringamplitude [30].Our approach to search for the contribution of axion-like interaction to the polarized neutron-nucleus scatter-ing consists in the interference of imaginary fa amplitudeof Eqs. (2) and (3) with imaginary part of the neutron-nucleus scattering amplitude.In what follows we omit spin-independent smallterms fn�e and fp. The Schwinger amplitude is imagi-nary and does not depend on energy [31]:fSch = i�nZe22mnc2 ��[kk0]�kk0 ctg(�=2): (5)Here Z is the nuclear charge, k0 and k are the incidentand �nal neutron wave vectors, �0 is the neutron mag-netic moment in nuclear magnetons e~=(2mc), and � isthe neutron scattering angle.Interference of the Schwinger amplitude with imag-inary part of the neutron-nucleus scattering amplitudecan imitate e�ect of the axion-like interaction in a mea-surement of left-right spin-dependent scattering asym-metry of transversely polarized neutrons at non-perfectsymmetry of the neutron detectors in respect to theplane determined by the vectors k0 and �. In the mea-surement of spin-dependence of forward or backwardneutron-nucleus scattering of strongly longitudinally po-larized neutrons the contribution of the Schwinger scat-tering to spin-dependent e�ect is zero.The scattering cross-section has the formd��d
 � ���Ref0 + iImf0 +Ref1 + iImf1 � ijfaj���2 �� (Ref0 +Ref1)2 + (Imf0 + Imf1)2 �� 2 (Imf0 + Imf1) jfaj �� �tot4� � 2 (Imf0 + Imf1) jfaj = �tot4� � 2 Imf jfaj: (6)This expression is approximate because exact geometryof the measurement is not speci�ed here. Scattering-angle-dependent contribution of p-scattering amplitude

f1 is a function of the detectors position: whether trans-verse or longitudinal spin-dependent scattering asymme-try is measured of, respectively, transversely or longitu-dinally polarized neutrons and the solid angle of detec-tors.3. Spin-dependent scattering asymmetry.From the spin-dependent scattering asymmetry deter-mined as A = d�+=d
� d��=d
d�+=d
+ d��=d
 ;we haveA = d�+=d
� d��=d
d�+=d
+ d��=d
 = 8�Imf � jfaj�tot == gsgp Imf �N��tot = gsgpB�; (7)where B = Imf �N=�tot is the sensitivity of the measure-ment, one can �nd the product of the coupling constants:gsgp = A �totImf �N� = AB�: (8)The order of magnitude estimate gives gsgp == A=� (Fm), if �tot = 10b, Imf = 5Fm, N = 200.To calculate the real and imaginary parts of theneutron-nucleus scattering amplitudes we use the follow-ing formalism: f0 = i2k (1� S0); (9)where S-matrixS0 = e2i�0"1�Xj igj�nj(E �Ej) + i�j=2#; (10)�nj = �nj(Ej)k=kj , �j = �nj+�
j , and gj are the neu-tron widths, the total widths, and the statistical weightsof j-th s-resonance.Upon introducingX(1) =Xj 2kj gj�nj(E �Ej)4(E �Ej)2 + �2j ; (11)and X(2) =Xj 1kj gj�nj�j4(E �Ej)2 + �2j ; (12)the real and the imaginary parts of the nuclear scatteringamplitude areRef0 = sin(2�0)2k � cos(2�0)X(1)� sin(2�0)X(2)(13)�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 3 { 4 2012



224 Yu.N.PokotilovskiandImf0 = sin2�0k + cos(2�0)X(2)� sin(2�0)X(1) :(14)The p-scattering amplitude isf1 = i2k (1� S1); (15)S1 = e2i�1"1�Xj igj�nj(E �Ej) + i�j=2#; (16)where �j = �nj + �
j , and �j ; �nj ; �
j , and gj are thetotal width, the neutron width, the gamma-width andthe statistical weight of j-th p-resonance;�nj = kkj �nj(Ej)v1jv0j ; (17)where v0j = (kjR)21 + (kjR)2 ; v1j = (kR)21 + (kR)2 : (18)The phase of p-scattering�1=� kR+ arctg(kR)+arcsin"k3 (kR)21 + (kR)2 �R�R01�#;(19)whereR is the channel radius, R01 is the p-wave scatteringradius. The summation in Eqs. (10){(16) is performedover all known s- and p-resonances [32].Due to the presence of numerous resonances in theneutron-nucleus scattering and interference of potentialand resonance amplitudes the sensitivity B(En) 
uc-tuates reaching signi�cant values in narrow energy in-tervals, where the total neutron cross section is small.Figs. 1 and 2 show the calculated s- and p-scattering am-plitudes for 207Pb, and Fig. 3 illustrates the sensitivityfactor B(En) for this nucleus as a function of energy.Strong 
uctuation of the sensitivity in accordancewith 
uctuations of imaginary part of the nuutron-nucleus scattering amplitude gives opportunity to searchfor the spin-dependent scattering asymmetry in time-of-
ight mode without special measurement of the back-ground e�ect. With B = 10Fm�1 and measured asym-metry A = 10�4 the limit on gsgp may be obtained atthe level 10�6 at � = 10 Fm.Weak interactions violating P and T symmetriesmay imitate discussed e�ects of spin-asymmetries in po-larized neutron { unpolarized nucleus scattering. Esti-mates of these e�ects are contained in [33, 34] (see also
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