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Abstract

Life time limits on the charge non-conserving (CNC) electron capture with nuclear levels excitation of *°Xe are
established for the first time by analysing a statistics of 823.1 kg - day collected by the = 6.5 kg liquid Xenon DAMA
scintillator at the Gran Sasso National Laboratory of INFN. These limits are in the range 7> (1-4) - 10%* y at 90% C.L. for
the different excited levels of 12°Xe. The presently most stringent restrictions on the relative strengths of charge
non-conserving (CNC) processes are derived: £§,<2.2-107% and &2 <1.3-10"* at 90% C.L. ©1999 Published by

Elsevier Science B.V. All rights reserved.

1. Introduction and theoretical consideration

The electric charge conservation (CC) is a funda-
mental law of QED; nevertheless, the possibility that
CC may be broken in future unified gauge theories
and the relative implications have been discussed in
literature intensively [1-5]. Moreover, experimental
tests of this basic feature of nature are continuing
since 1959 [6]. Several experiments, allowing to test
charge conservation for electrons and nucleons sepa-
rately, have been performed (see [5,7] and references
therein). The highest life time limit established for
the electron’s ** disappearance’’ from the atomic shell
is 7,>2.4-10* y a 90% C.L. [7]. For the particu-

lar decay mode e” — v, + vy the best obtained limit
is even higher: 7,>2.1-10%® y at 90% C.L. [8] *.
Among the experiments [10-15] aiming to study
charge non-conserving (CNC) processes involving
nucleons the highest = limit has been set for the

! However, the result for e~ — v+ may be affected by the
catastrophic emission of longitudinal bremsstrahlung photons with
tiny energies, thus the decay of an electron will not be accompa
nied by the 255.5 keV y rays [5]. On the contrary, the filling of
the shell after the electron disappearance would occur before the
emission of soft photons and will not be affected by them (see
[8]). Therefore the disappearance 7 limit is considered more
‘“‘safe’’ and model independent [9].
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CNC beta decay “Ga— "‘Ge (r>35-10% y at
68% C.L. [15)).

Holjevic et a. [16] have proposed and realized
another approach for the CNC quest; it searches for
processes in which an electron disappears from the
atomic shell and the nucleus is left in an excited
state. Such processes are analogous to the usual
electron capture but do not change the nucleus
charge:

(AZ)+e = (AZ) +u,. (1)

Possible mechanisms of this kind have been ex-
amined in Refs. [16,17], where their advantages for
the CNC quest have been pointed out. First, the CNC
nuclear excitation includes both the weak boson and
photon mediating processes. Secondly, while the
electron decay is concerned with the CNC process at
the lepton sector, the nuclear excitation (as the nu-
clear beta decay) is concerned with both the lepton
and quark sectors [17].

The CNC electron capture (1) can feed the excited
states of the nucleus with energies E,,. up to m,c?
— Eg (Eg isthe binding energy of the electron in the
considered atomic shell). It is supposed that CNC
excitation feeds preferably the lowest levels with

difference in spin between ground and excited state
AJ=0,1 and that K electrons most probably are
involved in the process being the closest to the
nucleus. In the de-excitation the nucleus returns to
the ground state emitting vy quanta and conversion
electrons which could be observed using a proper
detector. If the electron capture takes place in the
detector itself, the observed energies will be shifted
to the value E, + Eg due to absorption of X-rays
and Auger electrons emitted in the relaxation of the
atomic shell.

The first experimental investigation [16] for such
akind of processes was performed by using a Nal(Tl)
scintillator (= 7500 cm® volume) looking for the
possible nuclear level excitations of ?’I; the corre-
sponding y rays were searched for in the measured
energy spectrum, obtaining for the CNC electron
capture process 7> 2 - 10 y at 90% C.L. [16]. This
result was later improved (7> 6-10%2 y a 68%
C.L.) by the Osaka group using a 0.18 m® total
volume Nal(Tl) array at the Kamioka underground
laboratory [17]. More recently, the DAMA collabora
tion has established new = limits on the CNC elec-
tron capture of 27| and 2®Na in the range of (1.5—
2.4) - 102 y at 90% C.L. by exploiting the = 100 kg
Nal(Tl) DAMA set up features [18].
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Fig. 1. Low energy part of the level scheme of ?°Xe[23].
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In this paper the first investigation of the CNC
electron capture involving nuclear levels excitation
of 12°Xe is presented. It has been realized by using
the 6.5 kg DAMA liquid Xenon (LXe) scintillator
(filled with Kr-free Xenon enriched in *°Xe at
99.5%). In the last years by means of this LXe set up
severa results in the particle Dark Matter searches
have been achieved [19-21]. Besides, it was aso
applied to study the electron stability, obtaining 7, >
1.5-10% y for the electron disappearance and 7, >
2-10% vy for the e — v, + y decay mode (both at
68% C.L.) [22]. In accordance with the level scheme
shown in Fig. 1 five levels of 2°Xe could be excited
due to the process (1) searched for (E,, = 39.6;
236.1;318.2;321.7 and 411.5 keV) [23]. The first one
is the most interesting due to the difference in spin
AJ=1 between ground (1/2%) and excited level
(3/2%) and to the very low energy (39.6 keV) which

» *

is favorable to derive restrictions on the CNC param-
eters of the theory from the experimental = limits.

Following Bahcall [24] a suitable parameter to
describe CNC in the lepton sector is the relative
strength of the CNC process to the corresponding
allowed CC one; this choice is based on the assump-
tion that the weak interactions include a small CNC
part which has the usual form except for a neutrino
replacing the electron in the lepton current [24]. For
the particular case of the CNC electron capture with
nuclear levels excitation a similar approach was ex-
ploited in [16,17] and developed further in [18]. Here
we recall briefly the main results of the calculation
connecting 7N with the above quoted parameter
[18] which will be used in the present work.

Let us consider two CNC processes whose dia-
grams are presented in Fig. 2a (CC is violated in the
hadron sector) and Fig. 2b (CC is violated in the
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Fig. 2. Diagrams of CNC processes. (a) charge conservation violated in the hadron sector; (b) CC violated in the lepton sector. Analogous
CC processes are shown for electron capture (c) and interna electron conversion (d). Amplitudes (a) and (b) are proportiona to
GE'C = ey X G and GEN© = £, X a, respectively (G and « are the Fermi and the fine structure constants).
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lepton sector). The analogous CC processes are
shown in Fig. 2c (electron capture) and Fig. 2d
(internal electron conversion). The transition proba-
bility for the CNC process through weak boson
exchange (Fig. 2a) can be written in the form:

AV (8 +12°Xe - 1, +2Xe" ) = 2 AC(EC),

(2
where g3, = (GGN¢ /G©)? (G = G is the usua
Fermi coupling constant). Moreover, A°“(EC) can
be formally treated as a probability of a standard K
electron capture process. Using the well known ex-
pression for A““(EC) [25] and applying additional
factor 1/2 to obtain the probability for a single K
electron, we obtain:

2 2 2)3
/\Cchgz,E_( Gr & —(mec)
oot \wet) N ey ) (2m)th

X(mecz_Eg_Eexc)z'gl%'mif! (3)
where G /#%c®=1.166-10"* MeV 2, C,/C, =
—1.23, m, is the electron mass, Ef is the binding
energy of the electron in the K atomic shell (Ef =
34.6 keV for Xe), gZ is the squared radia wave
function of K electrons inside the nucleus, and o2,
is the appropriated squared matrix element for transi-
tion from the initial ground 1/2" state of *Xe (i)
to final excited level of the nucleus (f). For the
values of gZ we can use the calculations of Ref. [26]
which take into account screening effect, corrections
for finite nuclear size, etc.: g2 = 0.57 for *°Xe.

Matrix elements o2, ; are related to matrix ele-
ments o;%,; for the inverse process of decay of the
excited nuclear levels to ground state by the expres-
sion:

2J+1
=125 41

I

where J; (J;) istheinitial (final) spin of the nucleus.
Moreover, o;2,; can be obtained from the experi-
mental life times of the excited levels 7. The
probability of y decay for an M1 transition is [27]:
2

(of

i (4)

A M1 B | 212
y,f—>i( )_§ Zmpc Mp— 32
1(E\°
X%(_c) LN (5)

where efi /2m,c is the nuclear magneton and ., =
2.793 is the proton magnetic moment. Taking into
account the contribution of E2 admixture in the M1
rediative decay as well as the emission of conversion

electrons, it isimmediate to relate A ;_, ;(M1) to the
total decay probability A, = 7,2:
I f—i
A oi(M1) =15k &
'ny~>l( ) Texc Zly,fﬁn(l'*_af—»n)
n
Py ioi(M1), (6)

where | ¢, , is the experimental relative photon
intensity of f— n transition, p, ; ,;(M1) is the con-
tribution of M1 multipolarity to the f — i radiative
transition, «; _, ,, isthe full electron conversion coef-
ficient for the given transition and sum is over all
possible transitions from the excited level of the
nucleus. Thevaluesof | ¢, p, (- (MDand «;_, ,
are given in [23] or in corresponding issues of Nu-
clear Data Sheets. Using formulae (3)—(6) together
yields (energies in MeV):

;
£f=418-10° G

=
’ 2
(meC2 - EIIB< - Eexc)
Z I«/,f% n(l + [C7 N n)
n

P roi(ML) -1 .

It is obvious from Eg. (7) that, due to dependence
ey~ E> the lowest levels are preferable to derive
the most stringent limits on &3,. From (7) one can
find numericaly for the 3/2* level (39.6 keV) of
9% e

eg=24-10"2/7NC, (8)
cNe

(7)

where 7 is in years. Analogous expressions for
other excited levels of **°Xe can be calculated from
Eq. (7) similarly; however, the most stringent limits
on g3, are obtained from the 39.6 keV level.

Let us consider now the CNC nuclear excitation
process of 129Xe through photon exchange (Fig. 2b).
The analogous CC one (Fig. 2d) is the standard
internal electron conversion process (IC). Taking
into account, as before, corrections for different spins



P. Belli et al. / Physics Letters B 465 (1999) 315-322 319

of the nucleusin the f and i states and the fact that
the phase space factor for the CNC process is pro-
portional to p?, while for the CC process it is
proportional to p2, it yields:
AN (g +129Xe > 1, +129Xe" )
23+1 (p,

2. N s
Yo2)3+1 R
where &2 =(G™N®/a)?, ALE(IC) is the probability
of IC from the K atomic shell, (p,c)? =(m,c? —
EFS( - Eexc)2 and (peC)2 = (mec2 - Eg + Eexc)2 -
(m,c?)>.

Further, the probability of internal conversion for
a single K electron is related to the total decay
probability A, = 7oc by the expression:
AE(IC) =3 e - afS,

'Iy,f—>i/ Zly,f—)n(1+af—>n)' (10)

where of¢, | isthe K conversion coefficient for the
f—n transition, and «;_, , is the full conversion
coefficient. In case of E2 admixtures in the radiative
decay, instead of «(, , we should use the part of
coefficient connected with the M1 transition a /<M.
In absence of the experimental data on MDY, the
theoretical tables [28] or graphs for their values [23]
can be used.
Using formulae (9), (10) we obtain:

o e 23 +1

(Mec? — EX + Ey )’ — (mec?)’
(meC2 - EIIB< - Eexc)2
Zzly,fan(l_’— af—>n)
n

- AE(10), )

(11)
afK—(>’vill)'|y,f—>i

From (11) one can see that the lowest limits on
g7 could be obtained for levels with E, =~ Ef.

Numericaly it is found for the 3/2* level (39.6
keV) of **Xe:

£2=1.4-10718/7NC, (12)

where 7NC s in years. The relations (8) and (12)
will be used to derive restrictions on &% and &’
from the experimental limit for the first excited level

of ?°Xe.

2. Measurements, data analysis and discussion of
the results

The description of the DAMA set up with = 6.5
kg (i.e. =2 1) of liquid xenon scintillator and its
performances have been published elsewhere [20,22].
Here we recal the main features of this apparatus.
The used gas is Kr-free xenon enriched in *°Xe at
99.5% by ISOTEC company. It was measured [22]
that U /Th contamination of 2°Xe does not exceed
= 2 ppt at 90% C.L. The vessel for the LXe is made
by the OFHC and low activity copper (< 100
wBq/kg for U/Th and < 310 uBq/kg for potas-
sium). The scintillation light collection has been
assured by three EMI photomultipliers (PMT) with
MgF, windows working in coincidence. The quan-
tum efficiency of the PMT's photocathodes is rang-
ing between 18 and 32%. The PMT-s collect light
through three windows (3’ in diameter) made of
special cultured crystal quartz (total transmission of
the LXe scintillation light = 80%, including the
reflection losses). A low activity copper shield inside
the thermo-insulation vacuum cell surrounds the
PMT-s; then, 2 cm of steel (insulation vessel thick-
ness), 5— 10 cm of low activity copper, 15 cm of
low activity lead, = 1 mm of cadmiumand = 10 cm
of polyethylene are used as outer hard shielding. The
environmental Radon nearby the detector is removed
by continuous flushing of a high purity Nitrogen gas
from bottles stored underground since a long time.
An externa envelop — made of Supronyl — offers an
additional Radon protection.

Each PMT is connected with a low noise pream-
plifier, whose outputs are fed to the data acquisition
system. For every event the following information
are recorded: amplitudes of each single PMT pulse;
amplitude and shape of the sum pulse (recorded with
the help of a Lecroy transient digitizer). The energy
dependence of the detector resolution was measured
[22] with 1°°Cd source (peaks at 22 and 88 keV) and
can be expressed in the energy region of interest as
following:

o/E=0.056 +1.19/E[keV] . (13)

The idea of the present work is to search for y
rays from the possible de-excitation processes in
129 e which could follow the CNC electron captures
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Fig. 3. Energy spectrum measured by the LXe scintillator in the energy region 40-500 keV with total statistics of 823.1 kg - day. In the
insert the low energy part is shown in linear scale together with the fitting curve and excluded peak (= 1.1-10% vy) for the first excited

level of 29Xe.

(2). The energy distribution measured by the DAMA
LXe set-up (and aready considered for Dark Matter
search by investigating the WIMP-12°Xe inelastic
scattering in Ref. [20]) is analysed here for this
purpose. As it was aready mentioned five levels
could be excited due to the process (1) in *°Xe (Fig.
1). Taking into account the binding energy of the Xe
K atomic shell (ES = 34.6 keV), the energies of the

possible y peaks in the background spectra should
be: 74.2; 236.1 2; 352.8, 356.3 and 446.1 keV. The
experimental spectrum of the LXe scintillator in the
energy region 40-500 keV with total statistics of

2 Because the second excited level is long-lived (t,,,=8894d)
the energy of peak searched for is equal to E, . = 236.1 keV.
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Table 1
Experimental life time limits on the CNC electron capture involving nuclear levels excitation of 2°Xe
Eerc Efficiency n Excluded area S 7 limits, year
90 (68)% C.L. 90 (68)% C.L.
39.6 keV 0.99 18.5(10.4) 1.1(2.0) - 10%
236.1 keV 0.97 55(3.2) 3.7(6.4) - 10
318.2 keV 0.65 6.1(35) 2.2(3.9)- 10
321.7 keV 0.67 5.6(3.2) 2.5(4.4) - 10*
411.5 keV 0.50 4.6(25) 2.3(4.2) - 10%

823.1 kg - day is shown in Fig. 3, where the absence
of these peaks is evident. Thus limits can be set for
the probabilities of CNC nuclear excitations of 12°Xe
nuclei. To estimate the life time limits 7, we use the
standard formula 7=(n-N-t)/S where 7 is the
detection efficiency, N isthe number of electrons on
the K shell of Xe atoms, t is the measuring time,
and S is the number of signal events, which can be
excluded at a given confidence level on the base of
the experimental data. To calculate the efficiency
values 7, de-excitation processes in *°Xe nuclei
inside the LXe scintillator and the response function
of the detector were simulated with the help of
GEANTS3.21 package [29]. The code DECAY 4 [30]
was used for description of the event’'s kinematics.
Calculated efficiencies n are given in Table 1 and
their values are varied from 0.99 for E,. = 39.6
keV to 0.50 for E,. = 411.5 keV. The S values
were determined in two ways. Firstly, by using the
so called ""one o approach’’, in which the excluded
number of signal eventsis estimated ssimply as square
root of the number of background counts in a suit-
ably chosen energy window AE. Notwithstanding its
simplicity this method gives the right scale of the
sensitivity of the experiment. For instance, in the
measured spectrum within the energy interval 45—103
keV (it contains 95% of expected 74.2 keV peak
area) there are 129 counts; thus, the square root
estimate gives S< 11.4 events. Using this value S
total number of K electrons in the LXe detector
(N =6.0-10%), measuring time and calculated effi-
ciency, we obtain the life time limits 7> 1.7 - 10%* y
(68% C.L.) for the 74.2 keV peak. The results for
other peaks are within 7> (3-7)-10* y a 68%
C.L. Further, S values were determined by using the
standard least sguare procedure, where the experi-
mental energy distribution in the neighborhood of
the peak searched for was fitted by the sum of

contributions due to the background (exponential
behaviour for the first peak and a straight line for the
others) and to the signals peak being sought. As the
last one the response function of the detector was
simulated by a gaussian with the proper width (13).
For example, the obtained area for the first peak
(74.2 keV) is —11 + 15 counts ( x?/d.o.f. value is
1.3), thus giving no evidence for the signal. Then,
the number of signal events, which can be excluded
at 90 (68)% C.L. were calculated [9] as 18.5 (10.4).
It gives the life time limit 7> 1.1(2.0) - 10** y at 90
(68)% C.L. for the first (E,. = 39.6 keV) excited
level of 29Xe. The excluded number of signal events
for other levels obtained by a similar procedure and
the corresponding 7 limits are shown in Table 1. For
illustration the fitting curve and excluded peak for
the first excited level is depicted in the insert of Fig.
3.

The present limits, established for the CNC nu-
clear excitation of 12°Xe for the first time, are higher
than the best result obtained for the CNC nuclear
excitation of 27| (r>2.4-10% y at 90% C.L.) [18].
The corresponding restrictions on the CNC parame-
ters 2 derived for the I are: &2, <9.6-102°
and £2<12-10"* (both a 90% C.L.) [18]. By
substituting into Egs. (8) and (12) our experimental
limit for the first excited level of 2°Xe one obtains
£2,<22-107% and sf < 1.3-10“*? (both at 90%
C.L.), which are more severe than values ® of [18].

®The gyz restriction could be aso derived from the = limit of
the electron decay e™ — v, ++y. However due to the known
problem of the catastrophic emission of longitudinal
bremsstrahlung photons affecting this particular decay mode (see
[5] and footnote 1) such a restriction seemsto be less ‘‘safe’” than
those obtained from the experiments on the CNC nuclear excita-
tion, CNC beta decay and electron disappearance.
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Finaly, we recal the stringent restriction on &3,

derived in Ref. [18] from the best = limit measured
in Ref. [7] for the electron disappearance channel:
€ > v+ U+ v, it results: 3, < 11(6.2) - 10
at 90(68)% C.L.

3. Conclusion

In conclusion the present experimental limit on
the CNC dlectron capture through the first excited
state of 9Xe (3/2%; E,.=39.6 keV) gives the
most stringent restrictions on the relative strengths of
both weak boson and photon mediating CNC pro-
cesses. These are &4, <22-107?° and £?< 13-
10~*2 (both at 90% C.L.), which are bounds substan-
tially more severe than those obtained from the CNC
excitation study of ?7I. Together with the bound
e%,<11(6.2)- 107" a 90(68)% C.L. derived in
Ref. [18], these restrictions cover a relevant area of
possible CNC parameters 2 available for a quest at
present.

References

[1] L.B. Okun, YaB. Zeldovich, Phys. Lett. B 78 (1978) 597.

[2] M.B. Voloshin, L.B. Okun, JETP Lett. 32 (1978) 145.

[3] R.N. Mohapatra, Phys. Rev. Lett. 59 (1987) 1510.

[4] L.B. Okun, Leptons and Quarks, North-Holland, Amsterdam,
1982, p. 181.

[5] L.B. Okun, Sov. Phys. Usp. 32 (1989) 543; Comments Nucl.
Part. Phys. 19 (1989) 99; Phys. Rev. D 45 (1992) VI.10.

[6] G. Feinberg, M. Goldhaber, Proc. Nat. Acad. Sci. USA 45
(1959) 1301.

[7] P. Belli et a., Phys. Lett. B 460 (1999) 235.

[8] Y. Aharonov et d., Phys. Lett. B 353 (1995) 168; Phys. Rev.
D 52 (1995) 3785.

[9] Particle Data Groupe, Review of Particle Physics, Phys. Rev.
D 54 (1996) 1.

[10] A.W. Sunyar, M. Goldhaber, Phys. Rev. 120 (1960) 871.

[11] E.B. Norman, A.G. Seamster, Phys. Rev. Lett. 43 (1979)
1226.

[12] S.C. Vaidyaet a., Phys. Rev. D 27 (1983) 436.

[13] A. Roy et a., Phys. Rev. D 28 (1983) 1770.

[14] 1.R. Barabanov et a., JETP Lett. 32 (1980) 359.

[15] E.B. Norman et al., Phys. Rev. D 53 (1996) 4086.

[16] S. Holjevic et al., Phys. Rev. C 35 (1987) 341.

[17] H. Ejiri et al., Phys. Rev. C 44 (1991) 502.

[18] R. Bernabei et a., ROM2F/99/21 to appear on Phys. Rev.
C.

[19] P. Belli et a., Il Nuovo Cim. C 19 (1996) 537.

[20] P. Belli et al., Phys. Lett. B 387 (1996) 222.

[21] R. Bernabei et al., Phys. Lett. B 436 (1998) 379.

[22] P. Belli et al., Astroparticle Phys. 5 (1996) 217.

[23] C.M. Lederer, V.S. Shirley (Eds.), Table of Isotopes, 7th ed.,
Wiley, New York, 1978.

[24] JN. Bahcal, Rev. Mod. Phys. 50 (1978) 881; Neutrino
Astrophysics, Cambridge University, Cambridge, 1989, p.
360.

[25] JM. Blatt, V.F. Weisskopf, Theoretical Nuclear Physics,
NY, 1952.

[26] W. Bambynek et al., Rev. Mod. Phys. 49 (1977) 77.

[27] S.A. Moszkowski, in: K. Siegban (Ed.), Alpha-, Beta- and
Gamma-Ray Spectroscopy, vol. 3, Amsterdam, 1965.

[28] R.S. Hager, E.C. Sdltzer, Nucl. Data Tables A 6 (1969) 1.

[29] GEANT. CERN Program Library Long Write-up W5013,
CERN, 1994.

[30] Yu.G. Zdesenko et a., Preprint KINR 89-7, Kiev, 1989; V.I.
Tretyak, Preprint KINR 92-8, Kiev, 1992; O.A. Ponkratenko
et al., to appear in the Proceedings of the NANP' 99.



