
Pis'ma v ZhETF, vol. 96, iss. 7, pp. 467 { 469 c 2012 October 10Di�erence between radiative transition rates in atoms and antiatomsA.D.Dolgov+��1), I. B.Khriplovich+�1), A. S. Rudenko+�1)+Novosibirsk State University, 630090 Novosibirsk, Russia�Budker Institute of Nuclear Physics SB RAS, 630090 Novosibirsk, Russia�Institute for Theoretical and Experimental Physics, 113218 Moscow, Russia�Dipartimento di Fisica, Universit�a di Ferrara, and INFN, Sezione di Ferrara, Ferrara, ItalySubmitted 20 August 2012We demonstrate that CP violation results in a di�erence of the partial decay rates of atoms and antiatoms.The magnitude of this di�erence is estimated.The CPT theorem guarantees that the masses of aparticle and its antiparticle are equal. In the same wayit guarantees that the imaginary parts of these masses,i.e. the (inverse) total life-times of a particle and itsantiparticle, are equal as well.It does not follow, however, from the CPT theoremthat the partial decay rates of a particle and its antipar-ticle are the same. In fact, these partial decay ratesshould be di�erent due to the CP violation. Certainly,this di�erence is tiny, together with the CP -odd e�ects.However, C and CP violation could lead to the pre-dominance of matter over antimatter in the Universe,for a review see, e.g. Ref. [1]. Though the di�erencebetween the branching ratios is quite small, the over-all e�ect amounts to 100%: the whole Universe is eitherpopulated by matter with almost no antimatter at all, orat least this is true for an astronomically large domainin our neighborhood.Nevertheless, a possibility still remains that there isa signi�cant amount of cosmological antimatter, as isargued, e.g. in Ref. [2]. There are several satellite [3]and balloon [4] missions for search of cosmic antinuclei,in particular for anti-He4, and a few more detectors arein progress [5].However, the expected ux of anti-helium is verylow, if the antimatter domains are far from us. The0.511MeV line from e+e�-annihilation or 100MeV con-tinuum from p�p-annihilation into pions may also be quiteweak, if matter and antimatter domains are spatially sep-arated. The ideal source of information about cosmicantimatter would be atomic spectra if the latter weredi�erent for atoms and antiatoms. However, accordingto the commonly accepted point of view, it is impossi-ble to distinguish between atoms and antiatoms having1)dolgov@fe.infn.it; khriplovich@inp.nsk.su;a.s.rudenko@inp.nsk.su

in one's possession only a ux of radiation from elec-tromagnetic transitions in atoms and antiatoms. Mostprobably, according to CPT invariance the positions ofthe energy levels in atoms and antiatoms are the same.However, the di�erence of partial radiative decay widthsin atoms and antiatoms could di�er due to C and CPviolation. Below we estimate the magnitude of this e�ectand �nd it to be quite small but non-zero.A di�erence between the partial decay rates of atomsand antiatoms may appear if C and CP are both vio-lated. If C is broken but CP is conserved, the decayrates into channels with �xed spin values of the partici-pated particles can be di�erent, but the total decay ratessummed over spins must be the same. For their di�er-ence CP must be broken as well. Thus, the CP -odd ef-fects considered here are in fact C-odd. In other words,C should be broken and P should be conserved. Then,in virtue of the CPT theorem, these e�ects are also T -odd and, as we mentioned above, P -even (TOPE).Here, we discuss the di�erence of partial radiativewidths in atoms and antiatoms, due to CP violation.For the simplicity sake, we con�ne to the hydrogen andantihydrogen atoms.In Refs. [6, 7] strict upper limits on the parametersof the TOPE electron-nucleon interaction were obtainedfrom the limits on the electron and neutron electric di-pole moments. From these strict limits one can concludethat the e�ect under discussion is extremely small. Morede�nite estimates of its magnitude are presented below.The TOPE electron-proton interaction Hamiltoniancan be conveniently written as follows [8]:HTOPE = 1m3p [k1@�(� 5��� )� p�5 p ++ k2 � �5 @�(� p5��� p)]; (1)where mp is the proton mass;  and  p are the wavefunctions of the electron and the proton, respectively; k1�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 7 { 8 2012 467



468 A.D.Dolgov, I. B.Khriplovich, A. S. Rudenkoand k2 are dimensionless constants; 5 = �i0123,��� = 12 (�� � ��). (To simplify formulas, we haveincluded the factor me=mp at k1, present in the de�ni-tion of H used in Ref. [8], into our de�nition of k1.)The nonrelativistic limit of Hamiltonian (1) is su�-cient for our purpose. It isHTOPE = 12mm3p [k1(�ik�jl � �il�jk) + k2�ij�kl]�� �pj�y�k(p0 + p� 2 eA)l�ri�(r); (2)where �p and � refer to the proton and electron spins,respectively; mp and m are the proton and electronmasses; p and p0 are the initial and �nal momenta ofelectron; A is the vector potential of radiated photon.The last term in expression (2) generates the T -even,P -odd current densityJl= emm3p [k1(�ik�jl � �il�jk)+k2�ij�kl]�pj�y�k�ri�(r);(3)resulting in the contact radiation diagram (Fig. 1).
Fig. 1. Contact CP -odd radiationThe terms in (2) independent of A,H0 = 12mm3p [k1(�ik�jl � �il�jk) + k2�ij�kl]�� �pj�y�k(p0 + p)l�ri�(r); (4)describe the mixing of atomic states 1 and 2 (see Fig. 2).Since interaction H0 is P -even scalar, it mixes onlyFig. 2. CP -odd level mixingstates of the same parity and total angular momentum.Taken together with the usual electromagnetic interac-tion, Hamiltonian (4) generates two more diagrams con-tributing to the transition amplitude (see Fig. 3).The discussed CP -odd (and T -odd) radiation am-plitudes are phase-shifted by �=2 with respect to thecorresponding regular amplitudes. Therefore, these T -odd amplitudes do not interfere with the regular ones.The corresponding second order contributions to the de-cay probabilities are tiny. Moreover, they are the samefor the transitions in atoms and antiatoms.

Fig. 3. Accompanying CP -odd radiationHowever, the di�erence between the partial decayrates in atoms and antiatoms does exist. It arises onthe loop level due to the imaginary parts of the CP -odd and CP -even diagrams presented in Figs. 4 and 5,respectively. In Fig. 4 only some typical diagrams are
Fig. 4. Loop contributions to the admixed CP -odd radia-tion amplitude
Fig. 5. Loop contributions to the regular CP -even radia-tion amplitudepresented; the total number of such diagrams is 21, theycan be obtained from those in Fig. 4 by all possible per-mutations of vertices.Simple dimensional estimate for the relative di�er-ence of the partial transition widths w's of atom and an-tiatom, using Hamiltonian (1) and taking into accountthe radiative correction presented in Figs. 4 and 5, looksas follows:�ww � �m�mp �3 � k1;2 � 10�19 k1;2; (5)here, 1=m3p enters Hamiltonian (1) explicitly; one more� originates from imaginary parts of the loop diagrams4 and 5.This estimate is quite obvious for the contributionsgenerated by the contact radiation diagram (Fig. 1). Thesituation with the contributions originating from the di-agrams 3a and b is more subtle. First of all, for the co-inciding states, 1 and 10 (or 2 and 20) the correspondingmatrix elements vanish identically. Then, if the primedand unprimed states, 1 and 10 (or 2 and 20) are separatedby the �ne-structure interval only, one might expect that�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 7 { 8 2012



Di�erence between radiative transition rates in atoms and antiatoms 469the e�ect would be enhanced � 1=�2. In this case, how-ever, the matrix elements of the transitions between theprimed and unprimed states are suppressed� �2. Thus,we arrive again at the same estimate (5).The present TOPE constants k1;2 are related tothose used in [6, 7] (see formulas (11.14) and (11.24)in [7]) as follows:k1;2 = (Gm2p=2p2)qeq;qe: (6)In Ref. [7] limits on the parameters of the TOPE inter-action qqe < 10�4 and qeq < 10�7 were obtained (seeformula (11.27) therein), which result in k2 < 10�9 andk1 < 10�12. Thus, even under the more liberal assump-tion k2 < 10�9, we arrive at quite impressive upper limiton the relative di�erence of the partial transition widthsw's in hydrogen and antihydrogen:�w=w . 10�28: (7)Anyway, the e�ect exists and though at present it isfar from possible observation, its study deserves atten-tion.The work was supported in part by the Ministry ofEducation and Science of the Russian Federation, by the
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