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A new experiment for a high precision measurement of the piormass
is presented. It combines the cyclotron trap to produce piomc atoms in
a small volume, with a doubly focussing crystal spectrometeto measure
pionic and muonic X-ray transitions with high accuracy. The muonic X-
rays will serve as new high precision standards. The rst tesexperiments
demonstrate the feasibility of the project. It yielded a preliminary value for
the pion mass of (13957071 0:53) keV=C. In combination with a recent
muon momentum result a new value for the muon neutrino was obained:
M2 =(0:02898 0:03267MeV?=¢*. With some improvements which are
being prepared, the next measurement can be expected to yehn accuracy
of better than 1ppm for the pion mass and hence a limit smallerthan 70
keV=¢ for the neutrino mass.
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1. Introduction

One of the most challenging goals of modern physics researcloncerns
the mass of the neutrinos [1]. For cosmology the massive neiro is consid-
ered a welcome means to solve the problem of dark matter [2].0F elemen-
tary particle physics the value of the neutrino mass provide a crucial check
of the basic understanding [3 5]. While classic standard tleory excludes a
neutrino mass, a large variety of extensions have been sugged, where the
concept of unstable neutrinos allows a wide band of mass vads [6]. For the
electron neutrino there exists, meanwhile, a large numberfdigh precision
results [1], but the situation is much less favorable for themuon neutrino.
Only a few precision experiments on the muon neutrino mass ka been
reported during the past 20 years [7]. This encouraged us totat an in-
vestigation to determine the muon neutrino mass at high levkeof precision.
Preliminary results of a rst test measurement will be preseited here.

2. General ideas

We consider the decay of a free positively charged pion at res

+ I + 4
With the help of the conservation laws of energy and momentunand using
the CPT theorem:

M+=M
we obtain for the mass of the muon neutrino:

q_ ——
M2 =M2 + M2 2M M2, + p?, : 1)

As the mass of the muon is known to high precision (.3ppm) [8]r&d a new
value of its momentum has been reported recently [9], the lgest uncer-
tainty is presently introduced by the pion massM  [10]. The situation

is illustrated in Fig. 1. The uncertainty of M?2 is given as a function of
the uncertainty of the pion mass M for several values of the uncertainty
of the muon momentum p . The actual value is given by the solid line
X x ( p =3:7ppm), where the open circle denotes the present value
of the uncertainty of the pion mass M [10].

If we combine current theoretical models, exploiting unstéle neutrinos,
with the cosmological bounds [6, 11, 12] a mass region betwe&0 ke\:c
and 250 ket may exist. For comparison, the lower limit 70 ke\:& of the
corresponding M 2 is included in the gure as a horizontal line.

To perform this sensitive check with the actual valuesof p and M it
is necessary to decrease the present uncertainty of the pianass by roughly
a factor of 5. This is the goal of the present experiment.
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Fig.1. The uncertainty of the squared muon neutrino mass. Fo details see the
text.

3. Method

As the can form bound atomic systems the most precise determi-
nation of its mass can be achieved by the spectroscopy of salile atomic
transitions.

The QED binding energy of a boson in a hydrogen like system, Wwich
connects the pion mass to the energy, is given by the Klein Galon equation,
to the rst order:

n ! #
z2 2 Z ? n 3
En = —= 1+ — o+ 2
- 2n2 n “+ 14 ’ @
where is a ne structure constant (  1=137), reduced atomic mass,
Z nuclear charge, n principal quantum number, ° orbital angular

momentum, j total angular momentum, | =j° %j.

Before applying this relation some precautions have to be caidered. In
addition to the given electromagnetic interaction the pion states are in u-
enced by the hadronic interaction with the nucleus, dependig on then and
" quantum numbers. To avoid the corresponding implicationsno innershell
transitions should be used.

During the lifetime of a pionic atom the system usually loose most of
the electrons. The remaining electrons, however, cause artan screening
of the nuclear charge which can stipulate a complicated salige structure in
the corresponding spectra. This e ect is further enhancedfithe pionic atom
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is incorporated in a solid, as electronic re lling from the reighbouring atoms
obscures the spectra even more, and prevents an unambiguointerpretation
[10, 13]. To circumvent these problems, gaseous targets f@awo be used
measuring transitions low enough in the cascade so that theystem is more
or less naked [14]. However, the crucial condition for a higér precision
measurement requires that eventual satellites must be reded, which means
that such an experiment can only be performed with a high redation crystal
spectrometer [15].

So far, a signi cant contribution to the uncertainty of the p ion mass
originates from the calibration standards. In the low energ region gener-
ally characteristic X-rays from ionized atoms are used. Annherent disad-
vantage clearly is the large natural line width. In addition, for a precision
measurement the satellite structure has to be taken into acmunt which de-
pends sensitively on the excitation mechanism. Actually, ery few X-ray
lines have been investigated in su cient detail so that they can serve for
precision calibration.

These problems can be avoided by a completely new approach:h& use
of muonic X-rays [15]. Due to the lifetime of the pion of 26 ns lhere always
are present muons during the pion mass measurement. When the muons
are captured into bound atomic states the energies of hydram like states
can be described by the Dirac equation to the rst order:

" ) ! #
z2? z n 3
Eni= Sz 1t T 2 T (3)

Nl

For meaning of symbols see above.

As the natural line width of these transitions is very narrow, it is possible
to select transitions, where the eventually occurring satiite lines are weak
and well separated. Therefore, by a proper choice of atomicystems and
guantum numbers, it is possible to compare transition energs and hence
the reduced masses of the pionic and the muonic systems ditkc largely
avoiding systematic uncertainties. If, in addition, the transitions are chosen
so that the corresponding Bragg angles are very similar and # detector is
large enough to cover the angular distance, the lines can beeaasured for one
instrumental setting eliminating systematic uncertainties due to spectrome-
ter movements. This is the strategy envisaged in the presergxperiment.

4. The experiment
The experimental setup consist of three main components: thcyclotron
trap [16], the crystal spectrometer and the CCD detector syeem which are
shown schematically in Fig. 2. The setup was installed in the E5 area of
the PSI experimental hall online at the pion beam line.
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Fig. 2. The experimental setup.

The pion beam is injected into the new cyclotron trap [17], a gpercon-
ducting split coil magnet. As the trap chamber is lled with t he target gas to
be investigated, the pions lose energy due to collision witthe gas molecules
and are thus forced by the magnet eld to spiral down to the ceter of the
trap. By a suitable choice of magnet eld and pressure, they rach the cen-
ter with no kinetic energy left and are captured with high probability into
excited bound atomic states. During the deexcitation the ewtic atom looses
its electrons and the pion cascades down via characteristielectromagnetic
transitions. These X-rays pass through vacuum tubes and rah the spheri-
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cally shaped crystal of the Bragg spectrometer. A novel techique has been
developed to produce such large area doubly focussing Braggystals with

high precision [18]. It could be shown that the resolution, gen with diam-

eters up to 10 cm, is close to the theoretical limit. For the eperiment, the

crystal spectrometer was equipped with a 10 cm diameter SigD) crystal

with a radius of curvature of 2985.4 mm. The X-rays are re eced according
to Bragg's law and focussed in horizontal and vertical diredon. In this way,

at the focus a small image of the source is produced which alle to use a
CCD detector for registration.

The CCD detector o ers three advantages: Due to the very smalpixel
size 25 225 m?) it exhibits an intrinsic high spatial resolution. As it is
two dimensional position sensitive it allows to correct forthe curvature of the
X-ray images thus maintaining the resolution of the crystal Finally, as the
real X-ray events mainly occur as single pixel hits, a hit clster analysis of
the CCD pixels allows a drastic reduction of the background.The excellent
energy resolution of the CCD allows a further reduction by ajplying narrow
pulse height windows. This is a very essential feature as thassociated
intense neutron ux creates a high background, which cannobe eliminated
even by a 1m thick concrete shield around the detector.

The detector arm and the crystal arm are moved to the preselded an-
gular position by linear tables. In addition, the detector is positioned at
the corresponding focal point by another linear drive. The atual positions
are measured by angular encoders with an accuracy of 0.12 aer and lin-
ear potentiometers with an accuracy of 0.1 mm, respectivelystabilized by
piezoceramic units and controlled by a PC.

For calibration purposes, it is possible to introduce into he center of the
trap a solid target that can be excited to photo- uorescenceby means of an
X-ray tube.

During the test measurement a proton beam of maximum 1.5 mA wa
available that yielded a pion beam of5 10’ /s. About 3% of the pions
were stopped in the cyclotron trap. We measured the&s ! 4 transitions in
pionic N, and muonic O, with energies around 4.05 keV at a Bragg angle of
about 52 . To check the instrumental resolution we also measured in send
order the 5g  4f transition in pionic Ne and muonic 3He. As there was only
a CCD with 17 mm width at disposal [19], we had to move the instument
between the pion measurements and the others. In the main rections of
N, and O, we obtained a count rate of 200/h for pions and 10/h for muons.
In view of the limited beam time, the intense uorescence X-ays (up to
1000/h) from Cu, Sc and Xe were measured as secondary energlibration.
In the table below we give a complete list of the measured trasitions, their
energies, and Bragg angles. The experiment was performed by several
times cyclic alternation of measurements of pionic &, muonic O, electronic
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Cu K 1.2, Sc K 1.2 and Xe L ;. The measuring time was chosen so that
the combined statistical errors became minimum with excegbn of muonic
Oa.

Element Transition Energy, in eV! g in degree
160 Bgo=p ! 4f;=, 4023,757 53.3559
5¢; ! 4fs-,  4024,308 53.3486
YN 5g! 4f 4055376 52.7595
5f1 4d 4057,669 52.7297
3He 2p1» ! 1s  8149,25043 52.4027
2p3=2 ! s 8149,39508 52.4036
2ONe 5g! 4f 8306,438 51.0184
Sc K » 408596 0:04 52.1735
K 1 409075 0:03 52.1125
Xe L > 409638 0:.03° 52.0114
L, 411009 0:02 51.7674
Cu K » 8027993 0:005 53.5436
K 1 8047837 0:002 53.3528

! The energies of the exotic atoms translations have been caitated by S. Boucard
and P. Indelicato

2 Pion mass according to solution B of [10]m = 139:56999MeV=C

3 Mooney et al., Phys. Rev. A45, 1531 (1992)

4 Deutsch et al., Phys. Rev. A51, 283 (1995), Table I, Single crystal

SDeutsch et al., Phys. Rev. A51, 283 (1995), Table Il

5. Results and discussion

As the analysis is on its way the results should be considergateliminary.
A typical spectrum of the 5! 4 transition in pionic N is shown in Fig. 3.
On the left hand side the 5d¢ 4f circular transition and the 5f! 4d parallel
transition are clearly visible with an intensity ratio of (6:7 0:2)%. More
details can be seen on the right hand side which is the identid spectrum
at an expanded vertical scale. It shows the t model as a supgosition of
a narrow (solid) and a broad (dashed) Gaussian. Further can & observed
5d!' 4p transition which is shifted and broadened due to the hadrnic inter-
action and the 5g 4f transitions in the isotope °N. With the help of cascade
calculations it was estimated that the intensity of a satelite with remaining
K-electron is less than2%. It could not be identi ed with the present statis-
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tics. The peak to background ratio of 500:1 for the main line aderlines
the high quality of the data. As we could not collect su cient statistics in
the muonic O, transitions we use for the absolute energy calibration the @
K 1 line, because there exists a precise recent parametrizatig20].
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Fig. 3. The spectrum of the5! 4 transition in pionic N. The left-hand side shows
the total view of the collected data. The right-hand side is the same spectrum at
expanded vertical scale, revealing details about the weakecomponents.

When we include the QED corrections, correct for the refradbn index
shift, using the N mass from [21], we nd a pion mass value 0f13957071
0:53) ke\=c?. The uncertainty is obtained by a quadratic summation of the
statistical uncertainties (1.1 ppm) and the systematic un@rtainties (3.6 ppm)
as stability, geometry, alignment, defocussing and t, which have been partly
estimated by MC simulations [22]. When we use the most preadss pub-
lished values forp [9] and M [8] we obtain by means of Eq. (1) for
M2 = (0:02898 0:03267MeV3=c*. This result is compared with previ-
ous published values in Fig. 4. HereMl ? is displayed as a function of the
pion massM . The results of Assamagan [9] for the muon momentunp
shows up as an almost diagonal band denoted by* ! * . Solution A
and B of Jeckelmannet al. [13,10] with their uncertainty bands shadowed
are given and the combined nal uncertainty is indicated as d#ipse. Our
preliminary result together with its uncertainty band shadowed is denoted
as this experiment. It is compatible with zero neutrino massand with Jeck-
elmann B [10]. If we assumé/ =0 the Assamagan result [9], indicated as
Assamagan 9§M = 0), yields an improved value for the pion mass which
is also included in Fig. 4.
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Fig.4. The squared neutrino mass as a function of the pion mas The slanted
band denotes the muon momentump . The vertical bands indicate recent pion
mass measurements. The overlap regions of the band with the individual pion

mass bands denote the correspondiniyl > values.

6. Conclusion

A critical inspection of the uncertainties of the experimen shows that
with the envisaged improvements: the cyclotron trap optimized for high
intensity and a large CCD with a size of60 60mn? using a stable proton
beam of 1.5 mA a nal uncertainty of the pion mass of less than Ippm is
feasible. This will allow us to reduce the uncertainty of themuon neutrino
mass below the crucial value of 65 kew?.
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