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Neutrinoless double electron capture: A tool to search for Majorana neutrinos

Z. Sujkowski and S. Wycech
Softtan Institute for Nuclear Studies, 069, PL-00-681, Warsaw, Poland
(Received 2 December 2003; published 17 November p004

The possibility of observing the neutrinoless doulfledecay and thus proving the Majorana nature of
neutrinos as well as providing a sensitive measure of its mass is a major challenge of today’s neutrino physics.
As an attractive alternative, we propose to study the inverse process—the radiative neutrinoless double-
electron capturé0v2EC). The associated monoenergetic photon provides a convenient experimental signature.
Other advantages include the favorable ratio of th2EC to the competing i2EC capture rates and, very
importantly, the existence of a coincidence trigger to suppress the random background. These advantages partly
offset the expected longer lifetimes. Rates for th BC process are calculated. Highatoms are strongly
favored. A resonance enhancement of the capture rates is expected to occur at an energy release comparable to
the 2P-1S atomic level difference. The resonance conditions are likely to be met for decays to excited states in
final nuclei. Candidates for such studies are considered. The experimental feasibility is estimated and found
encouraging.
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The existence of massive neutrinos and the Dirac or Mahand, there are practical difficulties in handling the necces-
jorana nature of these particles are among the most intriguingarily large amount of the source material, on the order of
topics of present-day physics. If a neutrino is a Majoranaons, in the form of thin sheets sandwiched between the de-
particle then, by definition, it is identical to its charge conju-tectors. The detectors in both kinds of experiments must ful-
gate. Thus the neutrino produced in one weak interactioffill the high-resolution requirements. Otherwise theB03”
vertex may be absorbed in another one. This leads to thpeak in the sum spectrum will not be discernible from the
nuclear reaction 983 dominating continuous physical background due to the

(A, Z-2)— (A,2)+e+e (1

(see Fig. 1 Amplitudes for such a process are proportional \\w-

to the Majorana neutrino mass. While the exact value of the
neutrino mass deduced from a successfyB® experiment

is model dependent, the mere observation of the effect - Lom, R

proves unambiguously the Majorana nature of the neutrino @N) H (Z+2,N-2)
as well as the nonconservation of the lepton number. This
remains true regardless of the mechanism causing the decay Vit Ve
[1,2].

The OvBB process proceeds via the emission of two cor- -
related 8 electrons. Its unique signature is that the sum of AW €
energies of the two electrons is equal to the total decay en- n
ergy. The experiments searching for thes0B~ decay can
be divided into two categories: the calorimetric experiments,
in which the material of the source is usually identical with p n
that of the detector, and the tracking experiments, in which ) \ Wt
the source and the detector are separate. The former auto- e
matically sums up the energies of the charged particles emit-
ted. Large quantities of the material can be used. The main VoV,
difficulty rests in 'supp.ressing the rgndom backgrou_nd. 'The @N) EcEC, @Z-2,N+2)
only way to attain this is by requiring extreme shielding
conditions as well as the extreme purity of the detector, of T oMy
the detector housing and of the surrounding material. The trm Ve
tracking detectors, counting the two electrons in coincidence, €"hound
are somewhat less sensitive to the background. On the other /

@

p n

*Email address: sujkow@fuw.edu.pl FIG. 1. Diagrams for the @ double beta decay and double-
"Email address: wycech@fuw.edu.pl electron capture processes.
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2vB~ B~ decay. For the description of the problems involvedthe electron is considered to radiate as fhemission by the
we refer to reviewg2-6). nucleus is unlikely{14,1Q.

We suggest studying the inverse of neutrinoless dogble We look first for the transitions which conserve the
decay, i.e., the neutrinoless double-electron capture. The exuclear angular momentuf@* — 0%) as these offer the larg-
cess energy is carried away by a photon. Crude estinfidfes est nuclear matrix elements. The final photon and its spin is
for such a radiative process are encouraging, suggesting fegenerated by the electron radiation. Two basic processes are
sible experiments. These are discussed in the next section possible.
the basis of a theory of the radiative capture adapted to the  (a) One of the electrons captured from the initial
double-electron capture case. The point of special interest istomic staten;, radiates while it propagates towards the
the resonant effect that occurs when the photon energgucleus.

equals the energy of atomid®2 1S transition. In fortunate (b) Two electrons are captured in a virtual process

situations this effect may strongly enhance the®rates. which generates a final atom with two electron holes. This
There are several experimental advantages of the radiativitnal atom radiates and one of the holes is filled.

electron capture process: Procesga) is standard in the single-electron radiative cap-

(i) The monoenergetic photon escapes easily from fairlytures. The description of electron propagation involves the
thick layers of the source material without energy degradaelectron Coulomb Green's functionfl2,13. The two-

tion. electron capture requires some modifications. To conserve
(i) The source can be separate from the detector. the angular momentum, for one electron in & dtate, the
(i) The physical background due to the competingother one must be in a higheBSstate. The transition is of the

2veey process is low8]. magnetic type. The electron wave functions must be anti-

(iv) The photon emission is followed by that of the  symmetrized.
x ray (this provides a precious coincidence trigger to sup- Procesgb) is less important in general. However, for the
press the overwhelming random background small photon energyQ the virtual two-electron-hole state
(v) Low decay energies are favored. Decays to excitednay be degenerate to the final atom-photon gtate below,
states can thus be considered in realistic experiments in colkq. (12); see also Ref§15-17]. This leads to a singularity
trast to thegg decays. They transitions which follow offer in RY,. The most interesting situation occurs fQ=E(2P)
yet another characteristic coincidence trigger. —-E(1S), i.e., when the final photon resonates with tte- 2
The price to pay is a sizable reduction of the transition1S transitions in the final atom. The capture rate is enhanced
rates. The experimental questions and the optimal choice afp to the limit given by the natura{-L linewidths.
the isotopes are discussed in the final sections. The casesa) and(b) require different descriptions. In the

The dominant amplitudes for the radiative double-electrorsimplest theory of Majorana neutring,10] the matrix ele-
capture can be factorized into weak-nuclear, Weak-leptoniqmenthi is

and radiative factor$9—-11. The expressions for radiative G\2
factors presented below are based on the theory for the ra- cc — of =2 fd V()P R (X = V) In(V)®
diative single-electron capture procg4®,13. Rou 2 Xy (N0 My, (¢ =) ()"
The amplitude for the @88 decay from the(atom _
+nucleus ground staté0) to a final nuclear statid; and final X W(N,%)7,(1 = 5) 7, ¥ (). (5

two-electron statey is The nuclear weak currents are denotedJyand the effect

86 — of neutrino propagation is included into the “neutrino poten-
Roy = (OHwine,No). @ far with h,(r)=exp(—qr)/r, whereq is an average momen-
This differs from the amplitude for the double-electron cap-tum carried by the neutringhe closure approximation over
ture nuclear states is used hgr&he projection on the left-handed
intermediate neutrino brings about the neutrino mass factor
R5. = (N, N¢|H,,|0) (3)  m,. The electronic part of this formula contains atomic wave

) _ functionsW and the charge conjugatds®. For the 0—0*
by the electron wave functions. Henedenotes two-electron  transitions the nuclear part is reduced to Fermi and Gamow-
holes in the final atongsay 1S,2S or 1S,2P). The reversed Teller matrix elements defined byg=(0|h,|0) and Mgy
transition cannnot be tested in the same nucleusRghdoes =(0|h,a,0|0). These enter via a combinatioM®=Mgy

not_cqrrespond to_a real physical transition. Assuming the—(g\,/gA)zMF and in this way the transition matrix element
radiative process instead, we can write the correspondin ) is brought to the form

amplitudes in the second order perturbation theory, to th ,
. . T : G
leading order in the radiative interactioh,, as co 2(_5) MO'm, [ ¥ (ny, 0)S(1,2W(ny, 0)]s,  (6)
(n,,Ni[HW|0) 2 '
E-E(n)-EN)’ ( which resembles the standa8B decay expressioff]. The
electron wave functions are required in the nuclear region.
whereH,, is the weak interaction describing the neutrinolessThese arel(ng,0)0, whereW(ng,0) is the radial part of the
process of Fig. 1. Intermediate statasN;) in the radiative large component and is the Dirac spinor. The spin matrix
process may involve ground and excited nuclear states. Onlglement is given byS(1,2)=u(n;)(1+ys5)uc(n,). In Eq. (6)

RE, = 2 (N, Ni[H, I, N))
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the electron wave function is to be antisymmetrized. For two TABLE I. The radiative neutrino-less capture rates from the
1S electrons this involves the antisymmetric spin zero com-1S,2S stated1/y], m,=1 eV.
bination of spinors which compensates an “inner antisymme

try” built into operatorS(1,2) by the charge conjugation. Q r

To describe the radiative capture of the typg one func-  Atom abundance % [keV] (28,19
tion ¥ is to be replacgd .by some functioh, which .takes 92Mo 15.84 16285) 2% 10°2
care of the photon emission and electron propagation. In chogcd 0.88 By 11031
(4), in coordinate representation, this function is given by thef8 ' ) .

expression e'sm 3.07 1730 1x10°
(rIn)(nH.n) oy 0.14 17814) 2x107%0
W ) =3 = (7) W 0.12 665) 2x10°%
E-E(m) -E©0) Logg 0.15 7293) 4% 1073

which involves the sum over the continuum and discrete
states of the electron, i.e., the Dirac Green’s function in the S )
external Coulomb field of the nucleySlauber and Martin  O0ms. There the relativistic singularity enhances the rate fur-

[12,13). This solution is now implemented into E¢d) to  ther.

give the radiative amplitude _ At smaller Q the capture amplitude .indicates an interest-
) ing structure. The electron propagator in Ef).has a pole at
Rgvzz(g_) mVMOV[‘I’(nl,O)S(l,Z,E,@)y‘I’(nz,O)y]A Q:|E(1S)_—E(2P)|§Qreg To elucidate t_he atpmic physics
V2 involved in this radiation process, amplitu@® is presented
8) in terms of the initial state
. . L -,N-|H |o)
where the leptonic spins and the photon polarizatianter V. )=10)+3 M n N 12
the Iast term | |n|) | ) ”i'NiE_ E(ni) _ E(Ni)| i’ |)1 ( )
. Ja i = . whereE=E\(0) + E,,{0) is the initial energy of the system
S(1,2,6,Q),= ﬁ[u(fh)[lA(Q)Uf X Q-B(QeQ] composed of the nuclear pdgf, and the atomic component
e E.om Equation(12) describes the virtual transitions of the
X(1+ys)u=(ny)]. (9) initial state|0) under weak interactions which include virtual

For the discussion 0&(Q) andB(Q) we refer to Ref[13]. :jwo elect:on Qt?]pmreftaltest' S‘imﬁ ?f th‘isf Sitateihma%lh be
If Q~m, thenA, B are close to unity for both theSland 25~ ¢€9€nerate with the finai atom+photon state to within the

electrons. The spin conservation requires the two electrons atural width of thek-L line. Rate enhancements of the or-

be in the symmetric spin and antysymmetric space combina:c" of 10-10° may be obtained. In the single-electron de-
tions. This causes cancelations at snzalDtherwise the ef- scription by Glauber and Martin, the electron propagator in

fect of symmetrization is small. Eq.(f?) has aﬁolg @T|E(1S,Z)—i(2P,Z)| EQI’ES(Z) where
The rate for the radiative no-neutrino process is now < "€fers to the initial atom. In the many electron process
considered here we use the energy levelsfioal (Z-2)

ro%Q) zzpolf 2mdk k- QIRL2, (10 atom(see also Ref[17]). We obtain
I''(2P — 19

(2m)%2k
to be summed over photon polarization and possible electron [Q-Q,edZ-2)?+ [rr/2]2|
wherel™ is the radiative width of the final two-electron-hole

pairs. The result is
oy = (%)4|:MGT_ (g—v>2MF]Z(mee)2 atom. We use the experimental energy values forZh@
V2 atoms corrected for the screening differences in the ionized
atoms; the combined width isI'3(19) +I"(2P) similarly as
X |W(1S,00¥(2S, O)IZQEPOKS(nl,nZ,E, 6)y>2, for the hypersatellit&" x-ray spectra.
2m The usual choice for targets in the douledecay is
(11) motivated by the phase space that favors large energy release
, ) ) (roughly Qf;ﬁ dependence In contrast, the phase-space de-
where the summation over the spin facty is to be taken. pendence of the double-electron capture Ed) is rather
This factor takes care of the angular momentum conservayeak and the radiative factors favor sm&ll Two capture
tion. The best possibility is theS|2S pair capture accompa- sjtuations can be considered. & larger than the electron
nied by a magnetic photon transition. This rate is scaled bynass, the “magnetic” radiative capture &,2S pair domi-
the S electron wave function at the nucleus. One haspates. The calculated rat¢3able |) are based on values
W(nys,0)2=(Zmea) 2/, where the factorf; comes from M.~ 0.6/fm andM/Mg~—-0.3 obtained in typicaBB0r
the weak singularity of Dirac atomic wave function. Aver- reactions in a number of nuclgl8,19. These values give a
aged over the nuclear volume it becorfes (2RZma)*™*  crude estimate also for thev€c processes, although some
with A\=4/1-(Za)? and the nuclear radiuR. The Z° factor  calculations indicate a larger couplifig0].
arises and thus one is interested in the heaviest possible at- At small Q the capture amplitude is given by the resonant

ro7Q) = o2, (19

A
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TABLE II. The resonant situations. The radiative neutrinoless capture rates péRAyeand per year and
ton of the isotopeR/y-ton, m,=1 eV. The uncertainties oR/y-ton are due to & errors in the mass
determinationQ, photon energiesQ,, the resonant energieQx,Q,, energies of accompanyingray, y-ray
photons;E*, excitations of final nucle(keV); f.st., final state; int. st., initial state.

Atom 2%5n Bce SGd o Sy 18y
abnd.% 1.01 0.19 0.20 0.14 1.56 0.13
f.st. 0y,1S,2P 0;,1S,2P g.s.,1S,2P 1%,1S,2P g.s.,5,2P g.s.,1S,2P
int.st. 0,1S,1S 03,1S,1S g.s.,18,2S 1*,1S,1S gs., B82S g¢s.,5,1S
AM 1919.54.6)  2418.913) 54.63.5) 1843.83.9 23.33.9 144.44.5)
E 1870.9 2315.4 1745.5
Q 18.04.6) 60.13 39.713.5 36.143.9 6(4) 68.64.5)
Q 23.8 33 39.7 46.6 1 56(8.5)
Q-Q -5.84.6) 27(13) 0.043.5) -10.53.9 5(4) 12.34.5
Qx 23 32 6.5 46 6.5 55
Q, 1253.4 1496.9 1665.1

617.6 818.5 80.6
Rly 7x10°%0 2x10°%0 2x10% 1x10728 2x10°% 3x10°%8
RIy-t 1-102 101-10°3 10%-101 1-10? 101-10°8 3-0.2

conditions. Several candidates for such a resonant captutke signal to the physical background generated by the domi-
may be found. Examples are given in Table Il. The region ofhantvyry channel. Here, we briefly estimate this ratio defined
practical interest is limited t@Q <80 keV. Such conditions as
are likely to be met in the transitions to the excited states of
the final nuclei. The rate predictions are hampered by the
poor knowledge of mass differences. Because of the sharp
atomic resonances, a few keV mass-uncertainty results in

: . hereNp is the fraction of photons from the dominamnty
rates changing by several ordgsee. Table ). The atomic D X . .
ground statgceg.gs) ?/nass differeneéeAM are taEen from Refs. decay mode emitted into the region from the end of the spec-

(21,27 and theQ values areAM reduced by the two- trum Q down toQ-D/2 andD is the photon energy resolu-

electron-hole excitation energies. The precision needed igon_. More details may be foqn(_j n RE[B].‘ For easier com-
well below 1 keV. parison the two-neutrino radiative rate is presented in terms

i . . 0 ,
The experimental signature for the double-electron cappf the no-neutrino radiative rae™7(k,), given by Eq.(11)

ture in the resonance conditions will be theX-K" x-ray ~ ©F Ed-(13), as a function of the photon energy
coincidence and, in the case of decays to excited states, the (2m)2
triple coincidence with the gamma rays deexciting these D
states. Th&" line has a measurable energy shift. The experi- Y
mental feasibility arguments have to include the decay ratgvhere the phase-space elementl = (27dk ,dk ,dk )/

and the cost estimates. Leaving the cost arguments aside af(Qw)QSkykyk’V] and Ry=(47M?")/(M%m,) is a dimension-
assuming one ton of the source material with 100% isotopigess ratio of the nuclear two-neutrino and no-neutrino matrix
purity and the correspondingly larger amount of a high-elements. Typical valueM?”=1, M%=1/fm follow from
resolution detectofe.g., a multilayered source-detector sand-nyclear model calculatior8,10]. To obtainRyg, expression
wich for X-ray detection combined with the medium reSOIU-(lS) s presented as an integra| over the photon energy dis-

tion larger y-ray detectorg it seems possible to design tribution I'"”7=f§WI(k,)dk, and the background contribution
feasible experiments for thev@ouble-electron capture pro- pecomes

cess. The count rates expected depend strongly on the energy
difference with respect to the resonance vgkee Table I).
The 1?Sn isotope indicated in Ref17] as the best choice,
now with the the recent mass determination, seems less prof-
itable. Much higher decay rates can be expected'f@d  Formula W(k,)=(Q-k,)*I"*(k,)R{/6(2m)* follows from
and %Er g.s—g.s. decays. However, there are no conve-Eq.(15). This indicates a cubic cutoff at the end of the spec-
nient experimental signatures in these transitions. The be#tum due to the phase space. The rdig; is now given by
signatures are offered in the cases of decays to excited statdw interplay of this cutoff and the energy dependence of
(e.g., *%Sn, *Ce, or °%Er) where there are characteristic I'°"7(k,).
high energyy rays in addition to théx, x rays and the reso- First, we consider the magnetic type transition related to
nant transitions. the 1S,2S electron capture. For characteristic valu@s
One advantage of ther§ process is a favorable ratio of =1 MeV and m,=1 eV, one obtains®/T""*=5X 10>

_Ir1Q

= 14
T (14

Rys

W:f dL&(Q - Sk)RAr® (k) (15)

Q
*""Np = f W(k,)dK,. (16)
Q-D/2
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tions deteriorate quickly with the increasing energy separa-
tion.

The random backgroun@RB) varies with the source ma-
terial. Crudely, the effect/RB ratios are expected to be im-
proved in comparison to the calorimeti& 8~ experiments
[5] by a factor of between 10 and 1000, depending on the
x-ray and they-ray coincidence trigger.

We conclude that detecting the neutrinoless double beta
process of any kind, be 8-, 8%, or electron capture, will
mean discovering the lepton number nonconservation and
proving the Majorana nature of neutrinos. It will also provide
a sensitive measure of the neutrino mass, thus giving an-
swers to some of the most urgent questions of physics today.
This search calls for a massive, diversified experimental as
well as theoretical effort. The radiative neutrino-less double-
electron capture proposed in this work is a valid alternative
to double g* emission, with several experimental advan-

FIG. 2. Schematic plot for the signal/physical background ra-tages. The predicted resonance rate enhancement makes this
tios: Rgg(res: continuous line for the resonant transition, and search plausible. Exact rate predictions require precise mea-
Ryg(magn: dashed line for the magnetic transition. The rate depensyrements of masses and likeways calculations of nuclear
dencel*7(res vs (Q-Qied is shown in arbitrary units to indicate matrix elements. The former are feasible with modern tech-

the resonance width.

The photon energy resolutidb=3 keV would yield a very

niques[23,23. The latter are strongly assumption dependent.
The consensu$24] is that they can be trusted to about a
factor of 3. One way to minimize this uncertainty is to carry

Conve_nieang3=2>< 1CP. The case of .resonant electron cap-out measurements for several nuclear species, preferably on
tures is more involved due to the rapid energy dependence ifoth sides of the mass parabolas. Thus the double-electron

I'%7(k,). The result is plotted in Fig. 2. Th@< Qs situa-
tion is very favorable andRgg is about 18. For Q> Qs
+I" the Ry falls down as{Q—Qed°. At Q—Q,e=1 keV,

the ratio is still very convenienRgg~ 10%, but the condi-

capture search can be considered not only as an attractive
alternative to the doublg™. Assuming both kinds of experi-
ments are successful, it will also provide a much needed
complementary piece of information.
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