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Results of the " Troitsk -mass” experiment on search for the neutrino rest mass in the tritium beta-decay
are presented. New data on the time dependence of the anomalous, bump-like structure at the end of the beta
spectrum reported earlier are discussed. Possible systematics is considered in view of contradiction of "Troitsk
nu-mass” observation with those of "Mainz neutrino” set-up. An upper limit for electron antineutrino rest mass

remains at m, < 2.5eV/c” at 95% C.L.

1. Introduction.

The direct search for the neutrino rest mass is
based on the study of neutrino momentum-energy
balance in weak semileptonic decays. In this case
any dependence on the leptonic or flavor quantum
numbers is excluded. The maximum sensitivity
to mass effect may be attained when neutrino
energy is minimum. Such situation can usually
be obtained in a three-body or multibody decay.
The total energy spectrum of visible particles in
the vicinity of maximum energy is dominated by
the neutrino phase space volume which is propor-
tional to pF where p is momentum and E total
energy of the neutrino. Deviation of this product
from p? allows one to deduce the mass of neu-
trino. At present the lowest limit for electron an-
tineutrino mass was achieved by studying of the
shape of tritium beta spectrum near its end point.
The spectrometric facilities in Troitsk {Moscow)
[1] and in Mainz [2] allowed one to observe the de-
tails of the beta-spectrum extraordinarily close to
the end point. It produced significant reduction
of the neutrino mass upper limit. However the
experiment in Troitsk revealed existence in the
spectrum of a bump-like enhancement (for differ-
ential spectrum mode) in the region of 5 — 15eV
below the end point with integral intensity of
about 10~ 10 of total decay rate. A very enigmatic

feature of this structure turned out to be a peri-
odic shift of its position with time.This structure
in the condition of absence of reasonable under-
standing of its nature plays the role of systemat-
ics for the search for the neutrino mass, strongly
increasing possible error.

2. The Troitsk v-mass set-up.

The main parts of this set-up are the integral
electrostatic spectrometer with a strong inhomo-
geneous magnetic field providing adiabatic guid-
ing and collimation of electrons and the gaseous
windowless tritium source also with strong mag-
netic field. It permits to couple both of them
in a natural way. Gaseous tritium source has a
number of advantages in comparison with frozen
tritium source. The most essential are:

Homogeneity over any cross section.

Practically no correction for backward scatter-
ing.

Weakness of interactions between tritium
molecules making possible to use assumption of
isolated molecule in calculation of final state spec-
trum and inelastic energy losses.

Easy control for admixtures.

Absence of self charging of the source.

Absence of solid state effects in the source.

Energy resolution of the spectrometer was set
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at 3,5 — 4eV (FW), luminosity amounted to
0,2¢m?. Details of the set-up design and of the
measurement procedure may be found in [1], [4],
(5] and [6].

The tritium spectrum was measured by chang-
ing the spectrometer high voltage in steps. The
direction of high voltage scanning was reversed
each cycle (1 — 2 hours). The measurements were
made in the range of the spectrometer potential
from 18000 to 18770 V. Data acquisition system
allowed one to record an amplitude and time of
each detector pulse. High voltage stability was
checked by comparison of independent measure-
ment by 3 attenuators with accuracy 0,1 V' .
Altogether, in the period of 1994-1999 the time
of measurement amounted to about 250 days.The
length of continuous run varied from two weeks up
to one and a half month. Frequency of runs was
dictated mostly by financial and personal prob-
lems.

3. Data analysis.

The data analysis was made by fitting of the-
oretical spectrum with all the correction factors
and some variable parameters to the experimen-
tal one by means of the minimum x* procedure.
The experimental spectrum was corrected to dead
time and pile-up, drift of the source intensity,
to the cutting out of the part of the detector
spectrum, and to events of tritium decay within
the spectrometer. The theoretical spectrum was
taken in a classical form. It‘s extension to neg-
ative (unphysical) values of m2 was taken as in
[1]. The spectrum was convoluted with integral
spectrum of energy losses of the electrons in the
source, the final states spectrum and was cor-
rected for trapping effect in the source. The lat-
ter arises due to bottle-like configuration of mag-
netic field in the source. Decay electrons with
momenta corresponding to trapping in the bottle
gradually brake but some part of them may es-
cape trapping zone by relatively large angle scat-
tering. Such electrons due to long traveling in
the source before scattering lose some energy and
getting to spectrometer enrich low energy part of
the spectrum . Calculation of this effect is carried
out in adiabatic approximation and involves as a

main parameter the ratio of large angle to stop-
ping cross sections. The first is mostly a usual
quasielastic electron-electron scattering and the
second is now known from [8] with accuracy of
about 3%. The contribution of this process is
sufficient only below 18300 eV .

The final state spectrum of decay product
(FSS) is only correction factor which cannot be
verified experimentally. Here it was taken from
[7] where the calculations were done in sudden
approximation for free molecules. This approach
is considered as most reliable including all second
order corrections.

The special system with an electron gun
and adiabatic magnetic transportation of the
monochromatic electrons to the rear end of the
source allowed us to measure directly the integral
spectrum of inelastic losses of electron energy in
tritium as well as the density of the source. The
results of the measurement of the total cross seec-
tion of 18,6 keV electrons with tritium as well
as inelastic energy losses spectrum are published
in [8]. As a basic set of variable parameters in
y? fit procedure we used 4 parameters: normal-
ization factor, end point energy, background and
m2. The fit was made for the spectrum inter-
val with low energy boundary (Esy) from 18000
eV to 18530 eV and upper boundary 18770eV.
Study of the dependence of the fit results on Eyuy
is very important for recognizing systematic ef-
fects.

4. Anomalous structures in the specirum.

The data fit with 4 basic variable parameters
after introducing all the corrections resulted in
the value of m? equal to —10 — 20eV?2.  The
negative values for m? obviously indicated that
there exists some effect not taken into account
[1]. Inspection of the spectra showed that most
probably this effect appeared to be due to small
enhancement near the end point of the spectrum
which resembles small step superimposed on the
regular spectrum.

In differential mode such an enhancement
would be seen as a bump-like structure with a
small width (about resolution of the spectrom-
eter). Addition to the theoretical spectrum of
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Figure 1. Dependence of mf, on Fy,, for sum of
data Run 1-4, 7, 9, 12. Closed circles - fit without
step function {4 parameter fit) Open circles - fit
with step function (6 parameter fit).

a step-like function with a variable height (size)
and position { Es;.p) made the theoretical and the
experimental spectra consistent over all the mea-
sured part of it and brought the value of m2 to
about zero thus eliminating the negative m2 prob-
lem. (see Fig. 1).

The parameters of the step function turned out
to vary from run to run but resulted in average
for ANgp about 6- 101! of total decay intensity
(besides the runs 10 and 14) and Ey— E;;p chang-
ing within 5 — 15 eV. Changeable positions of the
step with respect to the end point energy from run
to run were very strange and became more enig-
matic when the values of Ey — E;,,, were plotted
versus calendar time of the corresponding runs.
The plot is given in Fig. 2. The most surprising
turned out to be the possibility to describe the
time dependence of the step position by a sinu-
soidal curve with a period equal to 0,499 £ 0, 003
years. The measurements up to run 13 allowed
us to describe the step position versus time by a
single sinusoid. Now, after run 14 (October 99)
it seems more adequate to describe the time de-
pendence by superposition of two sinusoids with
periods 0,5 year {70%) and 1,0 vear (30%). The
y? = 12,3 at 9 d.o.f. The combined data of all
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Figure 2. The step position dependence on the
calendar time of measurements. Parameters of
the fitted sinusoid are: solid line: runs 1 - 11,
period 0.500 + 0.003 y, x? = 17.2; 7d. o. f;
dotted line: runs 1 - 14, I period 0.503 £ 0.0025 ¥
(70%), II period 1.0 ¥ (30%), x2 = 12.6; 9 d. o.
f.

the years in one vear plot also demonstrate that
the variation of the step position has a bi-seasonal
character (see Fig. 3).

More peculiar proved to be the plot of step size
values given in Fig. 4. The data obtained be-
fore run (11) roughly agreed, at least for the first
maximum, with a half year period with a larger
step size corresponding to a larger distance from
the end-point. The measurement of run (11) (the
second half of December, 98) resulted in almost
3 times larger step size with respect to the av-
erage value and the same happened in run 15
where the step size also rises by about 3 times
but Ky — Egtep jumped up to 22 eV, Surprising is
that both outbursts were observed at about the
same time between 15-22 December of 1998 and
1999. All these observations may signify that pa-
rameters of the step, that is its size and posi-
tion can vary with characteristic time less than a
month, while keeping the main period of variation
0,5 years.

The present set of data needs of course to be
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Figure 3. The plot of step positions versus fime of
the year. Fitted sinusoid is the same as in Fig. 2,
but with the period being 0.500 year. Horizontal
bars are length of the runs. Indexes of points are:
numbers of the run.

sufficiently extended. In particular, absence of
measurement within the period July-October as
well as absence of continuous measurement dur-
ing all the year makes it possible to fit a more
complicated periodic curve but with a half year
component as dominant one. In addition it is
not excluded that the shape of spectrum near the
end point is more complicated than is supposed
by one bump addition.

At the moment it seems to be impossible to
propose any "customary” explanation of this phe-
nomenon. The proximity of the oscillation period
of the step {(bump) to a half period of Earth cir-
culation around the Sun and other features of it
allows one to remind speculation about an effect
produced by capture of the cosmological degener-
ated neutrino by tritium atoms with emission of
almost monochromatic electrons. In order to pro-
duce the bump intensity, corresponding to 1071°
of total decay rate it is necessary to suppose ex-
istence of neutrino cloud with density as high as
0,5.10%%y /em?, that is 103 times more than gen-

erally accepted average density of relic massless
neutrino. It is naturally that before to consider
such exotic hypothesis it would be necessary to
obtain at least an independent verification of the
effect.

5. Comparison with "Mainz neutrino” re-
sults.

One of the most important tests for the con-
clusion whether the bump is some sophisticated
apparatus effect or physical phenomenon is its
synchronous observation on two independent set-
ups. Last two years "Mainz neutrino” group col-
lected significant set of data with statistic errors
near the data of Troitsk group. Unfortunately
most of the measurements were made not syn-
chronously due to various technical and personal
reasons. Results of the search for step effeci re-
ported by Mainz group now proved to be at vari-
ance with Troitsk data.One may consider only 3
runs as supporting or not contradicting to time-
of-year dependence of Troitsk observation. At
least two runs give step size about zero. Besides,
the value m? obtained in 4 parameter fit is about
zero in a few runs and is independent of Ey,,
within interval 18370-18330 V. Im this situa-
tion it is worth while to analvse more carefully
any possible errors which can imitate or produce
step effect. Especially important is to reconsider
differences in both set-ups and spectrum correc-
tions involved in analysis of the data.

At the moment we cannot point out any cor-
rection to results of the fit in Troitsk mea-
surement.Most of the corrections factors intro-
duced in the spectrum were verified experimen-
tally.Direct measurements of the source column
density definitely excludes possibility to make an
error which is capable to mock up step effect.
Other correction plays lesser role. For example,
in order to imitate {with larger x* ) step size
about 3m H z it is necessary to underestimate col-
umn density by about 30%. It is worth while
to mention that overestimation of source density
may cancel step ( if it exists) and correspondingly
it may move negative m2 to zero or to positive
value. Of course both groups developed reliable
methods of measuring column density and spec-
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trum of inelastic energy losses. It brings uncer-
tainty of this correction to about 3%. Another
situation exists with the spectrum of final states
(FSS) which appears as even more significant cor-
rection than column density at present level of
precision. F'SS is only one factor which cannot be
proved experimentally ,whereas result of the fit
very strongly depends on its accuracy. Accuracy
by itself is based on the reliability of sudden ap-
proximation calculation for molecular hydrogen
isotopes. These calculations were verified for free
maolecule which is the case of gaseous socurce of
Troitsk set-up. Calculation for frozen source as
at Mainz set-up has to involve solid state effects
which may modify FSS by increasing excitation
levels population or suppressing it. In report of
Mainz group these correction were made on the
base of [9] ascribing 20% systematic uncertainty
to additional excitation of environment molecules
of tritium which was considered in above paper as
only solid state effect. It is interesting to point
out that fit of Mainz data ((Q4 and Q5 kindly
presented to us by Mainz group) neglecting en-
vironment excitation shows shift of m2 to neg-
ative value by 6 — 11eV? (depending on E,,)
or corresponding increase of step size making it
statistically significant. Of course this is not a
proof of existence of such modification of FSS in
frozen tritium but only indication that it must be
carefully reconsidered theoretically using modern
apparatus of solid state physics.

6. Neutrino mass upper limit.

As it was explained earlier the procedure of ex-
traction of the neutrino mass consisted in addi-
tion to theoretical spectrum of the step function
with two variable parameters supposing that such
addition may describe in the first approximation
the local enhancement in the beta-spectrum near
the end-point. Even if the real origin of the
step remains unknown, we may take into account
it's important features established during previ-
ous vears. In particular observation of periodical
shift of step reported here makes it possible to
define for neutrino mass measurement the peri-
ods when the step is maximum shifted from end
point. In this case the most sensitive to neutrino
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Figure 4. Plot of step size versus time of the
year. All the size values are reduced to the same
intensity of source.

mass effect part of the spectrum appears almost
free of step-like distortion. Otherwise speaking,
in this case the step and neutrino mass effect cre-
ates minimum correlation in the fit procedure.
Accordingly the runs with maximum proximity of
the step to the end point are not useful for fit for
neutrino mass, and one should be very cautious in
using data of such runs even if their fitting seems
to provide reasonable results. Of course corre-
lation of the step parameters with m2 increases
the final error of neutrino mass thus acting as a
kind of systematic error. This increase sufficiently
compensates the uncertainty of substitution of a
priori unknown anomaly shape by step-like func-
tion. The possibility to distinguish the neutrino
mass effect from the step strongly decreases with
proximity of step position fo end-point due to
correlation of their parameters. For these rea-
sons data of Runs 6, 7 and 9 were excluded from
analysis for the neutrino mass in spite of its good
statistics. Run 15 was too short in time and was
analysed only for the parameters of the step.
Systematical errors, besides the uncertainty
caused by the step effect, come mostly from the
uncertainties of parameters of the correction fac-
tors which are introduced in the spectrum be-
fore the fit. These factors are: trapping effect,
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source density, uncertainty of the inelastic energy
loss spectrum, dead time, and FSS. A remarkable
property of the total systematic error from these
factors is its reduction when F;,,, comes nearer to
the end-point Fy. On the contrary, the system-
atic error connected with the a priori unknown
step effect increases when FEj.., comes closer to
the end-point, which is revealed in the fit with
variable step parameters. Neglecting the step in
fitting the spectrum will of course decrease the
fit error but may meet unrecognized bias of mZ;
moreover negative value of it dees not always ap-
pear as a mark of the step, but may transform
into positive mZ for Ej,, > 18500eV. Such de-
pendence may be seen in Fig. 1. Taking into con-
sideration that fit error of m?2 increases with in-
creasing of Fj,,, one may select the optimal Fi,,,
when the total error, including both the fit and
the systematic error taken in quadrature, is min-
imum. The results for mZ for the runs selected
for analysis are given below:

Run 1- 3m2 = —2,7£10, 15444, 965 eV /c*(1)

Run 4 m2 = 40,5+ 7,174 % 2,5.s€V?/c* (2)

Run 7 m2 = —3,2+4,8;;; £ 1,5,,5:eV>/c* (3)

Run 9 m2 = —0,6 £ 8,155 £ 2.0,y eV /c* (4)

Run 12 m2 = +1,6 4 5,64 £ 2,055 €V /c* (5)
The combined value in quadrature is:

m? = —1,0 % 3,04 £ 2, Lyet V2 /c* (6)

The combined systematics error is obtained by
averaging with weights of fit errors. From here
one may obtain 95% C.L. universal upper limit
for m,:

my < 2,5eV/c?. (7)

7. Conclusion.,

Study of the tritium spectrum near to end point
on the "Troitsk v-mass” set up reveals very pe-
culiar anomalies (step effect) ,which demonstrate
regular variation of their size and positions. In
addition to regular periodic shift with period (0,5

year reported earlier two outburst at the same
calendar time were observed in December 1998
and 1999. This may signify that step effect {if
to consider it as a physical phenomenon) appears
as a more variable one then it was reported ear-
lier. Nevertheless selection of measurement peri-
ods when the step is maximum shifted from end
point allows to obtain reliable upper limit for neu-
trino mass.

Last two years "Mainz neutrino ” group has
conducted a number of measurements with good
statistical accuracy. Analysis for the step effect
reveals that although results of some runs are con-
sistent with Troitsk observations but other run
results are in contradiction with them. It calls
for further investigation of possible apparatus ef-
fects in both set-ups but also for reconsidering of
their differences. It must involve new analysis of
correction factors introduced in spectrum. Espe-
cially sensitive seems to be the final states spec-
trum corrections. These corrections are based
only on theoretical calculation and at the mo-
ment cannot be checked experimentally. At the
same time accuracy of such calculations for frozen
tritium source seems to need new theoretical re-
vision on the basis of modern solid state tech-
niques. Of course it is vitally important also
to conduct really synchronous measurements on
both set-ups.

It is necessary to stress that all the mentioned
uncertainties play role only within m, below
2, 5 eV given above.,
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