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 2010 January 10Search for macroscopic CP violating forces using a neutron EDMspectrometerA. P. Serebrov1), O. Zimmer+, P.Geltenbort+, A.K.Fomin, S. N. Ivanov, E.A.Kolomensky, I.A. Krasnoshekova,M. S. Lasakov, V.M. Lobashev, A.N. Pirozhkov, V. E.Varlamov, A.V. Vasiliev, O.M. Zherebtsov,E.B.Aleksandrov�, S. P.Dmitriev�, N.A.Dovator�Petersburg Nuclear Physics Institute RAS, 188300 Gatchina, Leningrad District, Russia+Institut Laue Langevin, BP 156, 38042 Grenoble, France�Io�e Physico-Technical Institute RAS, 194021 St. Petersburg, RussiaSubmitted 8 December 2009The search for CP violating forces between nucleons in the so-called axion window of force ranges � between2 � 10�5m and 0.02m is interesting because only little experimental information is available there. Axion-likeparticles would induce a pseudo-magnetic �eld for neutrons close to bulk matter. A laboratory search in-vestigates neutron spin precession close to a heavy mirror using ultracold neutrons in a magnetic resonancespectrometer. From the absence of a shift of the magnetic resonance we established new constraints on thecoupling strength of axion-like particles in terms of the product gsgp of scalar and pseudo-scalar dimensionlessconstants, as a function of the force range �, gsgp�2 � 2 � 10�21 [cm2] (C.L.95%) for 10�4 cm < � < 1 cm. For0:1 cm < � < 1 cm previous limits are improved by 4 to 5 orders of magnitude.1. Introduction. Axions are hypothetic particleswhich were introduced to understand the absence of CP-violation in strong interactions between quarks [1, 2].Axions and axion-like particles [3] are considered as can-didates for dark matter in the Universe. If existent theywould mediate CP-violating spin-dependent forces be-tween nucleons over macroscopic distances. The poten-tial between a neutron (acting as probe) and a nucleondue to single-boson exchange between a scalar and apseudo-scalar vertex with corresponding coupling con-stants gs and gp has the following form [4]:V (r) = ~28�mn gsgpn � �n� 1�r + 1r2� e�r=�; (1)n = r=r is a unit vector between neutron and nucleon,� = ~=mAc is the range of forces (Compton wavelengthof axion-like particle with mass mA), mn is the neutronmass and �n is the vector of Pauli matrices belonging tothe spin of the neutron. The correlation n � �n violatesboth P and T invariance. For a neutron at distance lfrom a massive 
at wall with thickness d and nucleonnumber density N , the interaction (1) gives rise to aspin-dependent potential [5]:V (l) = � ~2�4mnNgsgpe�l=�(1� e�d=�): (2)The sign is determined by the neutron spin projectiononto the surface normal.1)e-mail: serebrov@pnpi.spb.ru

A spin-dependent potential gives rise to a spin pre-cession with angular frequency ! = 2jV j=~. Ramsey'smagnetic resonance technique is very sensitive to de-tect tiny precession angles and may be applied for de-tecting the pseudo-magnetic e�ect induced by axion-likeparticles on trapped neutrons [5]. In this paper wepresent results of �rst experiments using this method,taking advantage of an existing apparatus to search forthe neutron electric dipole moment (EDM) [6], whichis presently installed at a polarized beam of ultracoldneutrons (UCN) [7] at the facility PF2 at the InstitutLaue-Langevin in Grenoble, France.2. Experiment. Two traps for UCN storage, withcylindrical shape and closed o� with 
at walls (see Fig.1)are located in a magnetic guide �eld Hz with strength2�T, pointing in vertical z-direction, and shielded fromexternal in
uences by four layers of �-metal. The hy-pothetic spin-dependent force �elds with a range shortcompared to the dimensions of the traps would bepresent only in the vicinity of the walls and lead to alocal neutron spin precession in addition to the ordinaryLarmor precession in the magnetic �eld. In presence ofthe spin-dependent potential (2) the horizontal walls willcause pseudo-magnetic �elds parallel or anti-parallel tothe magnetic guide �eld, which will result in a pseudo-magnetic precession angle for neutrons trapped in a su-perposition of spin states parallel and anti-parallel tothe magnetic �eld. In order to obtain a large preces-sion angle during neutron storage, partial cancellatione�ects due to pseudo-magnetic �elds parallel and anti-8 �¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 1 { 2 2010
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Coils for and gradientH H0 0Fig.1. Experimental setup with double storage chamberfor UCN, Cs-magnetometers and coils for �eld setting andcorrectionparallel to the magnetic guide �eld have to be kept small.Therefore, in a trap with 
at walls perpendicular to themagnetic �eld the wall plates have to be made from ma-terials with a large di�erence in density. The centralwall of the double storage trap shown in Fig.1 is madefrom a thick Cu plate with density 8.9 g/cm3, whereasthe outer plates are made from aluminum with density2.7 g/cm3, coated with a 300nm thin layer of beryllium.The total angle of pseudo-magnetic precession in eachtrap is found using the relation [5]' = 2T~D Z D0 V (z)dz; (3)where D is the distance between the parallel plates ofa trap and T is the holding time of UCN (15 s in ourexperiment). Using eq. (2) we obtain' = � ~T2mn gsgp�2D (1� e�D=�)[NCu(1� e�dCu=�)��NAl(1� e�dAl=�)]; (4)where Ni and di are nucleon number densities and thick-nesses of the corresponding trap plate. The sign ineq. (4) accounts for the opposite directions of the netpseudo-magnetic �elds in the top and the bottom trap,leading to a relative phase shift'rel = 'top � 'bottom = 2j'j: (5)However, such a shift may also occur for other reasonssuch as magnetic �eld gradients. The technically sim-plest method to distinguish the sought e�ect from agradient-induced e�ect employs a reversal of the mag-netic �eld without change of �eld gradients (see discus-sion further below) which will invert the sign of 'rel

without inverting the sign of a gradient-induced shift.The di�erence of phase shifts for the two �eld directionswill thus be given by'+ � '� = 2'rel = 4j'j: (6)Equation (4) with (6) tell us that we can express thesought product of coupling constants in terms of themeasured angles and experimental parameters,gsgp == '+ � '�2~Tmn �2D (1�e�D=�)[NCu(1�e�dCu=�)�NAl(1�e�dAl=�)] :(7)The technical realization of the �eld reversal requirescontrol of magnetic �eld strength and in particular of�eld gradients. To deal with the problem of hystere-sis e�ects of the magnetic shielding of the spectrometerwe employ eight Cs-magnetometers placed around theUCN traps (out of range of the sought forces induced byaxion-like particles). Four magnetometers are situatedin the plane of Fig.1 and four further magnetometers inthe orthogonal plane through the symmetry axis of thesetup. The four upper (lower) Cs-magnetometers pro-vide information about the magnetic �eld in the upper(lower) trap. In a �rst step of our measurements wematch the resonances in both traps by tuning the cur-rent in a gradient coil system surrounding the traps (seeFig.1). Fig.2a shows resonance curves matched this wayfor magnetic �eld pointing upwards with strength H+.After �eld reversal (H�) the currents in the main coilsfor magnetic �eld production and for �eld gradient cor-rection were tuned to obtain (1) the same average valueof magnetic �eld measured by the eight Cs-cells and (2)the same di�erence between average values for the fourupper and the four lower magnetometers. For an axi-ally symmetric magnetic �eld this procedure would besu�cient. Unfortunately, the magnetic shielding pro-duces more complicated �eld gradients, which moreoverare not reproducible. Fig.2b shows resonance curves af-ter �eld reversal (H�) and Fig.2c after a second �eldreversal back to the original situation (H+). The ob-served non-reproducibility severely limits the sensitiv-ity of the �eld-reversal technique. To estimate the cor-responding uncertainty of measurements �eld reversalswere repeated many times.Table 1 shows results of measured resonance shifts'Cu+ and 'Cu� between the traps for the two di�erentdirections of magnetic �eld (H+ and H�). The aver-age value of the di�erence is h'Cu+ i � h'Cu� i = (0:70 �� 3:83) rad. The uncertainty of the average values wascalculated as mean squared deviation of results of indi-vidual measurements. Despite demagnetization of the�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 1 { 2 2010
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Dividing coefficientFig.2. Resonance curves obtained in the double chamberEDM spectrometer using the chamber arrangement shownin Fig.1: (a) with magnetic �eld H+ directed upwards,(b) with magnetic �eld H� directed downwards, (c) af-ter a second �eld reversal to the original �eld directionH+. The horizontal axis shows the coe�cient by whichthe frequency of Cs-magnetometers has to be divided toobtain the frequency of neutron precession. The verticalaxis shows the counts of neutron detector in the system ofanalysis of the UCN polarization after storage in the trapsmagnetic screens before each new measurement after�eld reversal the results in Tabl.1 show a large dispersiondue to residual hysteresis of the screens.A similar series of experiments was performed withthe central copper plate replaced by an aluminum plate,i.e. the same material as the outer trap walls. In thissituation pseudo-magnetic �elds from the central andouter trap walls compensate each other (a small cor-rection due to di�erence of thickness of electrodes istaken into account in numerical calculations for �nal re-sult). Table 2 shows the results of these measurements.h'Al+ i � h'Al� i = (�3:66 � 3:45) rad. For the pseudo-magnetic e�ect we obtain the �nal result:'+ � '� = h'Cu+ i � h'Cu� i � (h'Al+ i � h'Al� i) == (4:36� 5:14) rad: (8)Interpreting this result as an upper limit on an e�ectinduced by a pseudo-magnetic �eld we obtain '+�'� �� 14:6 rad (95% C.L.). The corresponding upper limit

Table 1Results of measurements with the central trap wallmade from copperN 'Cu+ (rad) 'Cu+ (rad)1 0.61 4.052 6.28 4.733 5.67 0.014 4.87 0.615 4.73 0.876 4.87 0.407 4.57 8.318 0.51 0.719 �1:55 0.0210 1.8511 3.143:23� 2:53 2:53� 2:87'Cu+ � 'Cu� = (0:70� 3:83) rad Table 2Results of measurements with the central trap wallmade from aluminumN 'Al+ (rad) 'Al+ (rad)1 0.06 4.052 �1:29 5.183 �0:48 5.234 0.51 �0:305 0.66 3.146 4.03 3.147 �5:350:26� 2:79 3:40 � 2:04'Al+ � 'Al� = (�3:66 � 3:45) radof the product gsgp as function of � is shown in Fig.3 bythe line 1.3. Discussion and conclusion. Our experimenthas led to new constraints for the coupling constantproduct gsgp, as a function of the range � of the macro-scopic force. The results are shown in Fig.3 for studiesof the shift of magnetic resonance (line 1). The obtainednew constraints for gsgp signi�cantly improve a previousresult deduced from the measured intensity of neutronspassing through a narrow channel formed by a horizontalmirror and an absorber (\gravitational levels" in Fig.3)[8]. In the range 0:1 cm � � � 1 cm the improvement is4 to 5 orders of magnitude.Using eq. (3) we can calculate the maximum strengthof the pseudo-magnetic �eld on the surface of a thick cop-per wall still allowed by the limit on gsgp. For � = 1�mone obtains about 0.1mT while for � = 1 cm we haveless than about 0:01�T. These values illustrate the con-�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 1 { 2 2010
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Fig.3. Constraints to the coupling constant product gsgp ofaxion-like particles to nucleons as a function of the range� of the macroscopic force. On the upper horizontal axisthe mass range of the axion-like particle is shown usingthe relation � = ~=mAc. Line 1: shift of resonance (thiswork); line 2: gravitational levels [8]; line 3 [10]; line 4:astrophysically excluded region of axion mass [3]; line 5:cosmologically excluded region in model of cold dark mat-ter [3]straints on axion-like particles in electromagnetic units.A speci�c feature of the pseudo-magnetic �eld is thatits source is non-polarized matter, in contra-distinctionto ordinary magnetic �elds. Observation of the pseudo-magnetic �eld requires the neutron as a \polarized de-tector".It is also instructive to compare the obtained restric-tions for CP-violating forces with constraints on devia-tions from the ordinary gravitational force in the CP-conserving sector. For this comparison we use the ex-perimental constraints [9] obtained for the Yukawa-typeparameterization of non-Newtonian forces,V = �GNm1m2r (1 + �e�r=�); (9)where GN is Newton's constant, m1 and m2 are masseswith center-of-mass separation r, and � is the relativestrength of the non-Newtonian interaction with range �.Constraints [9] for � are, for example, � < 10�3 for� = 1 cm and � < 1010 for � = 3�m. If we parame-terize the CP-violating forces expressed in eq. (2) andfor d � � with respect to the gravitational force as ineq. (9), we �nd for the corresponding coupling strength

�sp < 102 for � = 1 cm and �sp < 1014 for � = 1�m.Our constraints on CP-violating forces thus are about5 orders of magnitude worse than constraints [9] onspin-independent non-Newtonian forces. However, thespin-dependent, CP-violating, and the spin-independent,CP-conserving forces represent independent sectors ofmacroscopic short-range interactions. One can see al-ready from the form of the spin-dependent interactionthat there is no net e�ect on an unpolarized probe, suchthat CP-violation may escape observation if one doesnot search for it with a spin probe.We have presented �rst experiments which still o�erlarge room for improvement. An improvement of thedepolarization method might be possible with employ-ment of materials with less magnetic impurities. Thesearch for a resonance shift can be quite drastically im-proved. A sensitivity improvement down to 10�22 to10�23 cm2 for gsgp�2 might be within reach with the ex-isting setup and UCN source. Of course all systematice�ects have to be under control at the correspondingprecision level. This will require another strategy whichavoids hysteresis e�ects. The �eld reversal chosen in our�rst measurement will be replaced by a reversal of themass-polarity of the trap at constant magnetic �eld [5].Such e�orts are under way.The authors are grateful to the scienti�c committeeand the administration of ILL for the possibility to carryout this experiment at the ultracold neutron source PF2at the ILL reactor. The experiments were supported bythe grants RFBR #07-02-00859, # 08-02-01134.1. S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).2. F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).3. C. Hangmann, H. Murayama, G.G. Ra�elt et al., (Par-ticle Data Group), Phys. Lett. B 667, 459 (2008).4. J. E.Moody and Frank Wilczek, Phys. Rev. D 30, 130(1984).5. O. Zimmer, arXiv:0810.3215v1.6. I. S. Altarev, Yu. Borisov, N.V. Borovikova et al., Phys.At. Nucl. 59, 1152 (1996).7. A.P. Serebrov, P. Geltenbort, I.V. Shoka et al., Nucl.Instr. Meth. A 611, 263 (2009).8. S.Bae�ler, V.V. Nesvizhevsky, K.V. Protasov, andA.Yu. Voronin, Phys. Rev. D 75, 075006 (2007).9. J.Chiaverini et al., Phys. Rev. Lett. 90, 151101 (2003).10. A.N.Youdin, D. Krause Jr., K. Jagannathan et al., Phys.Rev. Lett. 77, 2170 (1996).
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