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Results of the “Troitsk v-mass” experiment on the search for the neutrino rest mass in the tritium beta-decay
are presented, Study time dependence of anomalous, bump-like structure at the end of the beta spectrum, re-

ported earlier, gives an indication of the periodic shift of

its position with res

pect to the end-point with a period

of 0.5 yr. The upper limit for the electron antineutrino rest mass my < 2.5 eV/c? is derived after taking the bump

into account.

1. INTRODUCTION

The problem of the neutrino rest mass remains one
of the most important in Elementary Particle Physics
and Cosmology. The direct or kinematic approach to the
search for the neutrino rest mass is based on the study of
neutrino momentum-energy balance in weak semilep-
tonic decays. In this case any dependence on the lepton-
ic or flavor quantum numbers is excluded. A maximal
sensitivity to the mass effect may be attained when neu-
trino energy is minimal. Such a situation can usually be
obtained in a three-body or multibody decay. The total
energy spectrum of visible particles in the vicinity of
the maximal energy is dominated by the neutrino phase
space volume, which is proportional to pE, where p is
the momentum and E is the total energy of the neutrino.
Deviation of this product from p? allows one to deduce
the mass of the neutrino. At present the lowest limit for
the electron neutrino mass was achieved by the study of
the shape of the tritium beta spectrum near its end
point. Now the spectrometric facilities in Troitsk (Mos-
cow) [1] and in Mainz [2] allowed details of the beta-
spectrum at about 5-15 eV below the end point to be
observed. Besides significant reduction of the upper
neutrino mass limit, the experiment in Troitsk revealed
presence of anomalous structure of bump-like shape
(for differential spectrum mode) in the tritium spectrum
in the region of 5-15 eV below the end point with inte-
gral intensity about 1010 of the total decay rate. A very
enigmatic feature of this structure turned out to be a pe-
riodic shift of its position with time. This structure in
the absence of understanding of its nature, plays the
role of systematics for the search for the neutrino mass,
strongly increasing a possible error.
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2. SEARCH FOR ELECTRON
ANTINEUTRINO REST MASS

The shape of the beta-spectrum with nonzero neutri-
no mass is

W(E, Z) = AF(E, Z)Ep X
x Y Wi(Eqi~ E)J(Eqi~ E)’ - myc*

where E is the total energy and p is the momentum of
the electron. W, is the probability and E,; is the end-
point energy of the partial decay into the ith final state.
The effect of the nonzero neutrino mass emerges as a
cutoff of the spectrum at Ey; — E = m,c? and intensity de-
ficiency smoothly declining to lower energy. The de-
cay of tritium provides a unique opportunity for such
experiments due to low end-point energy, high specific
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Fig. 1. Progress in upper limit improvement in neutrino
mass measurement in tritium beta decay.
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N“ieg. 2. Experimental set-up. ({, 2) vacuum tanks; (3, 4) electrostatic analyzers; (3) grounded ela:u-od\ésﬁf{ﬁ—ﬁi) superconducting coils
RLE

-system, 4.7 K); (/0) warm coil; (1) LN, jacket; (12) Si(Li) detector, (13) fast shutter; (14) Ti pump; (15) cold valve; (16) Hg
diffusion pump; (/7) T, purification system {Z7¥3; (/8) electron gun, (19) )é argon pump.

activity, the lowest Z, and a possibility of calculating
most of the corrections for its superallowed spectrum.

The history of the search for neutrino mass in the tri-
tium beta decay is almost 50 years long. An illustration
of the experimental progress during this time is given
in Fig. 1. In 1980 steady improvement of the upper lim-
it for the neutrino mass was suddenly speeded up by the
report of the ITEP group from Moscow on the observa-
tion of the neutrino mass effect corresponding to the
rest mass of about 30 eV/c? [3). This report stimulated
more than 20 experimental proposals with an intention
to check this claim. After several years the experimen-
tal groups from Zurich [4], Tokyo University [5], Los
Alamos [6] produced results which refuted the ITEP
group claim, but revealed many difficulties in measur-
ing and analyzing the beta spectra.

Much efforts were made to develop a new tritium
source. The most radical step was done by the Los-Ala-
mos group by construction of a windowless gaseous tri-
tium source with a strong solenoidal magnetic field
transporting electrons to a spectrometer of the Tretyak-

ov type [7].

3. THE TROITSK v-MASS SET-UP

The development of a new approach to spectrosco-
py of tritium started at the end of 1982 at the Institute
for Nuclear Research of the Russian Academy of Sci-
ences (Troitsk) [8-10]. Similar ideas independently
emerged at the Institute for Physics of Mainz Universi-
ty [11]. The main feature of this approach is an integral
electrostatic spectrometer with a strong inhomoge-
neous magnetic field providing guiding and collima-
tion of the electrons. The early variant of such a spec-
trometer was proposed for spectroscopy of electrons
with energy below a hundred eV [12, 13]. Extension of
the application area of the spectrometer to a few tens of

keV proved to be possible due to special tailoring of
magnetic and electric fields. The Troitsk set-up is
shown in Fig. 2. An essential part of it is a chain of su-
perconducting solenoids which produce a continuous
longitudinal magnetic field through the entire set-up.
The cylindrical electrode in the central part of the spec-
trometer with a low-intensity magnetic field is an inte-
gral electrostatic analyzer. All the magnetic and elec-
trostatic fields are adjusted to ensure adiabaticity of the
electron motion through the source and through the
spectrometer along the magnetic field lines. The elec-
tron detector detects only electrons which have been
produced in the magnetic field flux tube crossing the -
detector surface. The magnetic fields in the spectrome-
ter and in the source are adjusted so that this flux tube
does not touch the walls.

The spectrometer resolution is a step function with
an almost linear slope from 0 to 1, the total width of the .

. H .
slope is AE = EH , where E is the elgc:tmn energy,

_ max

H_., is the intensity of the magnetic ﬁeld;r\?ﬂae entrance

76£ spectrometer solenoid, and H,, is its intensity at the
spectrometer medium plane (Fig. 2). The main advan-
tage of this spectrometer is the energy resolution,
amounting to 3.5-4 eV (FW), and luminosity. The strong
guiding magnetic field in the spectrometer permitted its
natural coupling with the gaseous windowless tritium
source, also with a strong magnetic field comprising
the second essential part of the Troitsk set-up. The gas-
eous tritium source has a number of advantages in com-
parison with the solid-state source. The most essential
of them are absence of correction for backward scatter-
ing, weakness of interactions of tritium with other mol-
ecules, easy control for admixture, absence of charging
effects. Details of the set-up design and of the measure-
ment procedure may be found in {1, 14, 15].
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Gaseous tritium is injected in the center of a 3 m
long tube inside the solenoids and is being pumped out
by mercury diffusion pumps installed at both ends of
the tube. After additional compression in the buster
mercury pump and after purification tritium returns to
the injection point, thus providing continuous circula-
tion. The tritium spectrum was measured by changing
the high voltage of the spectrometer in steps. Direction
of the high voltage scanning was reversed at each cycle
(1-2 h). The measurements were made in the range of the
spectrometer potential from 18000 to 18770 V. The data
acquisition system allowed one to record the amplitude
and the time of each detector pulse. High voltage stabil-
ity was checked by independent measurement by 3 atten-
uators. Altogether, in the period 19941998 the time of
measurement amounted to about 200 d. Analysis of da-
ta was done by fit of the theoretical spectrum with all
the correction factors and some variable parameters to
the experimental spectrum by means of the minimum
42 procedure. The experimental spectrum was correct-
ed for dead time and pile-up, drift of the source intensi-
ty, for the cutting-out of the part of the detector spec-
trum, and for events of tritium decay into the spectrom-
eter. The latter manifest themselves as bunches of
pulses with an instant counting rate corresponding to
the probability less than 10~10- in comparison with
the regular rate. The search for such events was possi-
ble in the area of the low counting rate from 18530 to
18770 eV. Below 18530 the average of bunch counts
was subtracted which*torresponding increase of the sta-
tistic error due to larger scattering of U&'mhed counts.,

The theoretical spectrum was taken in accordance
with (1). Its extension to negative (unphysical) values

of mf, was taken as in [1]. The spectrum was convolut-

ed with the integral spectrum of energy losses of the
electrons in the source, the final states spectrum and
corrected for the trapping effect in the source. The latter
caused the intensity rise of the spectrum toward low en-
ergy reported in [1]. The final state spectrum of the de-
cay product (FSS) was taken from the most recent the-
oretical calculations [16]. Corrections for inelastic in-
teractions of electrons in tritium gas-as well as the FSS
strongly correlate with the neutrino mass and some oth-
er parameters of the spectrum. A special system with an
electron gun and adiabatic magnetic transportation of
electrons to the rear part of the source allowed one to
measure the integral spectrum of inelastic losses of elec-
trons in tritium as well as the density of the source. These
measurements gave the total inelastic interaction cross-
section of electrons with molecules of tritium in good ac-

cordance with the theoretical value 3.45 x 107'® cm? at
the electron energy 18.6 keV. The spectrum of inelastic
losses was found to be different from the usually ac-
cepted one. In particular, the ratio of excitation to ioni-
sation parts of it proved to be equal to 0.51/0.49, in dis-
agreement with the usually quoted value 0H/0.6. As a
basic set of variable parameters in the % fit procedure,
we used 4 parameters: normalization factor, end point
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energy background and mf,. The fit was made for the

spectrum interval with the low-energy boundary (Eoy)
from 18000 eV to 18530 eV and the upper boundary
18770 eV. Variation of E,,,, is very important for rec-
ognizing systematic effects.

4, ANOMALOUS STRUCTURE
IN THE SPECTRUM

Fitting of the data with four basic variable parame-
ters with all the above-mentioned corrections resulted

in the value m. = —10-20 eV?2 mostly independent of

(E,.w)- The negative values for mi obviously indicated

existence of some systematic effect not taken into ac-
count [1]. Inspection of the spectra showed that there is
small enhancement near the end point which resembles a
small step superimposed on the regular spectrum. In the
differential mode such an addendum would be seen as
a bump-like structure with small width (about the reso-
lution of the spectrometer). Addition of a step-like
function with variable height (size) and position (Eg.p)
to the theoretical spectrum made the theoretical and ex-
perimental spectra consistent over all the measured part

of it and brought the value of m’ to about zero thus
eliminating the negative value problem (Figs. 3, 4).

Parameters of the step function turn out to -vary
from run to run. The average variation of ANy, 1S

about 6 x 10~'! of the total decay intensity (except the
last run) and E — E,, varies within 5-15 eV. In the ma-
jority of the runs, where the fit program was able to
give meaningful values for the six-parameter fit with

the step function, the value of m_ turned out to be about

zero within fit errors. An impossibility of obtaining

definite minima of %2 in the six-parameter fit for some
run was connected with strong correlation of AN, and

mf, when the step position is too close to the end point.
For such a run the step parameters were obtained by

putting m, = 0. Changeable positions of the step with

respect to the end-point energy from run to run seemed
to be evidence for some systematics. The situation be-
come more enigmatic when the values of Eq — E,, were
plotted versus calendar time of the corresponding run.
The plot is given in Fig. 5. Its very surprising feature
turned out to be the possibility to describe the time de-
pendence of the step position by a sinusoid.

The period of the fitted sinusoid proved to be equal
to 0.499 + 0.003 yr, the mean value of the position was
10.4 eV and the amplitude was 4.35 eV. Dependence of
%2 on the value of the period obtained in the fit with a
variable mean value, amplitude and phase of the sinu-
soid is given in Fig. 6. It is seen that a half-year pertod
is the most probable one.
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Fig. 3. Part of the experimental spectrum near the end-point. The solid line is the fitted theoretical spectrum with a step function.

The dotted line is the theoretical spectrum with a subtracted step function. Upper right corner: the spec

trum of residuals for entire

measured part of the spectrum. Residuals are (Neyp, — Niheor)/O, Where N, is the same as the dotted line in the previous plot, 0 is

the standard deviation at each point.
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Fig. 4. Dependence of mi on Ey,,, for the sum of the Runs

94. 96, 97.2, 98 data. Closed circles are the fit without the
step function (4-parameter fit). Open circles are the fit with
the step function (6-parameter fit).

Data of all the years including points of the Mainz
group reported in this conference are combined in one
year plot (Fig. 7). It confirms that the variation of the
step position has biseasonal character.
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Fig. 5. Dependence of the step position on the calendar time
of measurements. Parameters of the fitted sinusoid: Period
0, 499 + 0.003 yr, mean value 104 * 0.4 eV, amplitude
4.3 £0.55 eV, phase 2.6 £ 0.23 rad.

The plot of step size values given in Fig. 8 proved to
be more peculiar. The data obtained before 98.3 rough-
ly agreed, at least for the first maximum, with the half-
year period so that a larger step size corresponds to a
MNe 6
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Fig. 6. The f dependence on the period of the sinusoid fit-
ted to the step position. Period value was scanned and 3 oth-
er parameters were left variable.

larger distance from the end point. The measurement of

Jbeing relatively short, resulted in an almost 3 times

larger step size and E, - E,., somewhat below the sinu-
soid fitted to the previous dpata. This outburst may sig-
nify that the step phenomenon, if it is not considered as
some apparatus effect, may fluctuate in size with char-
acteristic time less than a month. the position being
close to § sinusoid. This may be confronted with the
lastest measurement of the Mainz group where they did
not find the step effect a few weeks earlier [17]. Unfor-
tunately, the Troitsk set-up did not run this time.

Of course, the present set of data needs to be suffi-
ciently extended In particular, absence of measurement
within the period July-December and absence of con-
tinuous measurement during all the year make it possi-
ble to fit a more complicated periodic curve but with
the half-year component as a dominant one.

At the moment it seems impossible to propose any
“customary”’ explanation of this phenomenon. The prox-
imity of the oscillation period of the step (bump) to the
half-period of Earth’s circulation around the Sun and its
other features remind us of an old speculation about an
effect produced by capture of the cosmological degener-
ated neutrino by tritium atoms with emission of almost
monochromatic electrons [18]. In order to produce the

bump intensity corresponding to 10-'° of the total decay
rate, it is necessary to suppose existence of a neutrino

cloud with density as high as 0.5 x 10 v/cm?, that is

10" times higher than the generally accepted average
density of the relic massless neutrino.

Observation of the bump below the end point of the
beta spectrum corresponds to capture of the neutrino
with negative energy, and to assumption of binding of
neutrinos in the cloud. If the binding energy changes
over the cloud, the Earth in its movement produces pe-
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Fig. 7. Step position versus time of the year. The fitted si-
nusoid is the same as in Fig. 5 but with the period 0.5 yr.
Horizontal bars are the duration of the run. Indices of the
points indicate the number of the run, Run21(Sh) carried
out with potential bias (15V) applied to the tritium source.
Run 21(ns) carried out without this bias.

riodical modulation of the binding energy and corre-
spondingly position of the step. It is interesting to point
out that this hypothetical binding energy assumed as
V=Ey— Egp + Epemis Where Eg,; is calculated from
the step size, being plotted as in Fig. 5, provides some-
what better fit for the sinusoid in comparison with the
previous fit. In order to explain the half-year modula-
tion period one may suppose that the neutrino cloud has
the shape of a flattered disc with the axis of symmetry
inclined with respect to the normal direction to the
Ecliptic plane.

The size of the neutrino cloud in this case must be
comparable with the Earth’s orbit and it rejects contra-
diction with the average density of the relic neutrinos in
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Fig. 8. Step size versus time of the year. All the size values
are reduced to the same intensity of the source.
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the Universe. Of course, this explanation of the step
phenomenon is extremely speculative and may be con-
sidered only for stimulation of further experiments.

Up to now the experimental data do not exclude that
the shape of the end-point region is more complicated
than the one-bump structure. Nevertheless, 1t appears to
be shown that the center of gravity of the step-like en-
hancement (bump) is below the end-point of the tritium
beta-spectrum, and it undergoes periodical shift with
respect to the end point.

5. UPPER LIMIT FOR NEUTRINO MASS

Deduction of the neutrino mass from the data in the
presence of an unexplained anomaly requires a special
approach.

As was mentioned earlier, the procedure accepted
for this purpose consisted in addition of the step func-
tion with two variable parameters to theoretical spec-
trum supposing that this addition may describe in the
first approximation local enhancement in the beta-
spectrum near the end-point. Distortion of the beta

spectrum imitating the mﬁ effect should also be con-

centrated near the end point, otherwise the effect rela-
tively rapidly sinks in growing statistical errors at in-
creasing E, — E, but unlike the local enhancement it ap-

pears as an addition to (for negative m. ) or deficiency

(positive mf,) of the spectrum that linearly increases

with E, — E. This difference allows one to separate both

effects in the fit procedure, Of course, the size and po-
sition of the step, introduced as a free parameter, corre-

lates with mﬁ and increases the final error of the neutri-

no mass thus acting as a kind of systematic error. This
increase sufficiently compensates for the uncertainty of
replacement of an a priori unknown anomaly shape by
the step-like function. A possibility of distinguishing
the neutrino mass effect from the step strongly decreas-
es with proximity of the step position to the end-point
due to correlation of their parameters. Such correlation
made it impossible to use the data of runs 97.1 and 98.1
for analysis of the neutrino mass in spite of good statis-
tics. Besides the uncertainty caused by the step func-
tion, systematic errors come mostly from the uncertain-
ties of the parameters of the correction factors, which
are introduced in the spectrum before the fit. These fac-
tors are the trapping effect, source density, uncertainty
of the excitation and ionization parts of the inelastic
cross section, dead time, and influence of the high-ex-
cited FSS part. A remarkable property of the total sys-
tematic error from these factors is its reduction when

E,,. comes nearer to the end-point E,. To the contrary,

the systematics connected with an a priori unknown
step function uncertainty increases when E,, comes

closer to the end-point, which is automatically taken in-
to account in the fit procedure. Considering that the fit

2 . . . .
error of m,, increases with increasing E,,,,, One may se-

lect the optimal E,,,, when the total error, including
both the fit and systematic error, is minimal. The results

for m’ for all the runs are given below:
1994 m’ = -2.7%10.15,+4.9,, eV’/c’,
1996 m* = +0.5+7.15£2.5,,, eV/c’,
1997(2) m) = —32+4.8,+ 1.5, eV/c’,
1998 m’ = —0.6+8.1;+2.0,, eV’/c",

1999 m’ = +1.6 +5.64%2.0,,, eV’/c'.
The combined value is

me = —1.0+3.0q 2.1, eV/c", 2)

The combined systematic error i1s obtained by averag-
ing with weights of fit errors. From here one may ob-
tain the 95% C.L. for m,;:

m,<2.5eV/c’. (3)

6. FURTHER STUDY OF THE EFFECTS
IN THE TRITIUM BETA-SPECTRUM

Further investigation of the bump-like anomaly and
the neutrino mass search at the level about 1 eV/c? re-
quire major improvement of tritium beta-spectrometry.
One of the obvious ways is enlargement of the existing
set-up by a few times. Another way could be develop-
ment of a differential spectrometer with the resolution
and luminosity on a par with the integral one. The dif-
ferential spectrometer allows better study of local
anomalies in continuous spectra and will serve both for
the search for the kinks from heavy neutrinos and for
the above-mentioned tasks. At the moment two ap-
proaches to this problem are proposed. One is to use the
integral spectrometer with pulsing of the source and the
time-of-flight technique for achievement of the differ-
ential regime [19]. The loss of luminosity due to puls- -
ing of the source is supposed to be compensated by
larger dimensions of the spectrometer. The other ap-
proach is considered in [15]. It describes a new type of
differential spectrometer designed on the principles of
adiabatic motion of electrons in electric and magnetic
fields. The apparatus consists of an integral electrostat-
ic spectrometer with adiabatic magnetic collimation
and with the central part which 1s lengthed and bent by
180 or 360 degree. The input part of the spectrometer
cuts electrons with the energy below the potential of the
central electrode with relative spread less than
EoH min/Ho.

In the central region of the spectrometer the electrons
fly in the weak magnetic field with their moments being
lined up along the magnetic lines and the energy being
E.. - eV,, where E; . is the initial electron energy and Vj
is the potential of the analyzing electrode. The magnetic
field in the central part as well as central electrode has
a toroid-like shape. Electrons moving adiabatically in-

N6 2000
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side the toroidal electrode are in the zero electrostatic
field and drift perpendicularly to the toroidal plane ow-
ing to the well-known transverse drift. The magnitude
of the drift with respect to the magnetic force lines de-
pends on the velocity of the electron and rapidly in-
creases with the electron energy. Although the drift 1s
not large, a multislot collimator with the slots parallel
to the toroid plane, mounted inside the toroidal elec-
trode, allows electrons with the drift more than the
width of the slot to be cut off.

One can expect some increase in the background
due to bombardment of the collimator ends by ions
which are accelerated in the detector part of the spec-
trometer. To avoid this, a slot mask will be mounted on
the detector so that the adiabatical images of the end
plates of the collimator are projected onto the covered
regions of the detector.

Thus only electrons with the energy not more than
several eV inside the toroidal electrode can reach the
detector. Electrons with higher or very low energy will
die on the collimator plates.

Luminosity of such a spectrometer will depend on
the cross section of the central electrode and on the di-
mension of the tubes in the tritium source. The optimal
parameters of the spectrometer should be studied in de-
tail but it seems quite possible to construct a device
with a resolution about 2 eV and luminosity 1 cm?, This
could substantially improve all the tritium spectrome-
try. The competition between two approach would be
very desirable in view of complexity of the task.

REFERENCES

1. Belesev, Al etal., Phys. Lett. B, 19935, vol. 350, p. 263.

2. Weinheimer, Ch. et al., Phys. Lett. B, 1993, vol. 300,
p. 210.

ANEPHAS ®U3UKA Tom 63 M6 2000

Lubimov, V.A. etal., Phys. Lett. B, 1980, vol. 94, p. 266.
Holzschuh, E. et al., Phys. Lett. B, 1992, vol. 287, p. 381.
Kawakami, H. et al., Phys. Lett. B, 1991, vol. 256, p. 105.

Robertson, G.H. et al., Phys. Rev. Lett., 1991, vol. 67,
p. 957.

7. Tret’yakov, E., Izv. Akad. Nauk SSSR, Ser. Fiz., 1975,
vol. 39, p. 583.

8. Lobashev, V.M. and Spivak, P.E., Preprint INR, Mos-
cow, 1983, no. P-0291.

9. Lobashev, V.M. and Spivak, P.E., Nucl. Instrum. Meth-
ods A, 1985, vol. 240, p. 305.

10. Lobashev, V.M. et al., Nucl. Instrum. Methods A, 1985;
vol. 238, p. 496.

11. Picard, A. et al., Nuel, Instrum. Methods B, 1992, vol. 63,
p. 345.

12. Hsu, T. and Hirshfield, J.L., Rev. Sci. Instrum., 1976,
vol. 47, p. 236.

13. Beamson, G., Porter, H.G., and Turner D.N., J. Phys. E,
1980, vol. 13, p. 64.

14. Lobashev, V.M. et al., Proc. Int. Conf. NEUTROINQO-96,
Helsinki, Singapore, World Sci., 1996, p. 264; Loba-
shev, V.M. et al., Proc. WIN-97, Capri, June 22-28,
1997.

15. Lobashev, V.M., Prog. Part. Nucl. Phys., 1998, vol. 40,
p. 337.

16. Jonsell, S. and Monkhorst, H., Phys. Rev. Lett., 1996,
.+ vol. 76, p. 4476.

17. Bonn, J., Proc. WIN-99, Cape Town 24-28 January,
1999.

18. Stephenson, G.J., Jr., Goldman, T., and McKellar, B.H.J.,
Int.J. Mod. Phys. A, 1998, vol. 13, p. 2765; Goldman, T.
and Stephenson, G.J., Jr., hep-ph/9309308.

19. Weinhei

~p210..

3 Bouw ot @Q Kucl. Tusts Meth

- [ (1999 ) 256

- Ph);SELL A 42

N B W



