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We have determined the momentym)+ of muons from the decayr*—>,u*v# at rest, by analyzing a
surface muon beam in a magnetic spectrometer equipped with a silicon microstrip detector. The result
p,+=(29.792 0 0.000 11) MeVt leads to a squared muon-neutrino massmff =(—0.016+0.023)

MeV?, which corresponds to a “laboratory” upper limit of 0.17 M&€.L.=0.9) for the muon-neutrino mass.

The cosmological upper limit of the neutrino m#6s eV), the muon mass, and the new valuepgf- yield the

pion massn,+=(139.570 22-0.000 14) MeV. Alternatively, if one does not use the cosmological upper limit

of m, , then a combined fit including the nepy,+ value, and then,+ andm_.- values from other experiments

and theCPT theorem (,+=m_-) leads tom_-=(139.570 370.000 21) MeV. As a side result, the mean
kinetic energy of the pions stopped in the production target, made of isotropic graphite, immediately before
their decay is found to b& .+ =(0.425+0.016) eV. This is consistent with the hypothesis that the pions are
trapped in the potential well of a spherical harmonic oscillatd«/,(r):VOJr%ksrz, with
ke=(1.144+0.088)x 10" eV/cm?.

PACS numbgs): 14.60.Pq, 14.40.Aq, 14.60.Ef

I. INTRODUCTION The experimental uncertainty of the resulting squared neu-
trino mass is
The question whether neutrinos have nonzero rest masseﬁm 2) = [(1AM. )2+ (7,Am. )2+ (aA )22

represents one of the most important problems of particle * "« A Mn 122 Mt 738P '
physics, and also of cosmology. In the present experiment, 3
the main quantity to be determined is the mass of the  \where 71, M2, M3 in Eq. (3) are partial derivatives of Eq.
muon neutrino. This mass is derived from three quantities{2):
namely, the momenturp,+ of the muon originating from

= 2 - _E )=
the decay m=d(m, %)/om;-=2(m,-—E,+)=59.6 MeV,

n,=a(m, 2/om, +=2m +[1—(m_-/E +)]
7T+—’,U~+VM (1) “ “ “ M
=—-57.3 MeV,
at rest p,+~29.79 MeVt ; measured in this experiment
and the masses of the negative pion.- and the muon
m,+ (measured in other experiment§he CPT theorem, =—75.8 MeV. (4)
implying that m_+=m_-, and four-momentum conserva- ) 12 _
tion in the decay(1) lead to the following equation for the Here, E,+=(m,+“+p,+°)7*=109.78 MeV is the total

squared muon-neutrino mass: muon energy.
In the earlier measurements pf,+ at the Paul Scherrer

Institute [1, 2], the muon momentum was determined to
+18 ppm by use of ar* beam. In those experiments,
stopped pion decays were made to occur in a small scintilla-
tor, placed in the homogeneous magnetic field of the muon
"Present address: Department of Physics, Hampton Universityspectrometer. In the present experiment, which was briefly
Hampton, Virginia 23668. described in Ref.3], we used the same spectrometer magnet
"Present address: Seminar’r fuAngewandte Mathematik, for the momentum analysis of a surface muon beam, i.e., a
Eidgeni@sische Technische Hochschulépistrasse 101, CH-8092 beam of muons from the decdy) of #* mesons which are

— 2 _
773=(7(myﬂ Map,+=—2m,-p,+/E,+

m, 2=m_-2+m,2=2m_-(m,+*+p,+)¥% (2

Yu

Zurich, Switzerland. producedby protong in a pion production target and which
*Present address: Institut rfuTeilchenphysik, Eidgerssische come to rest near or at the surface of the same target, so that
Technische Hochschule, CH-5232 Villigen-PSI, Switzerland. the decay muons can exit from it. The main advantage of
Spresent address: Paul-Scherrer-Instituirighy Badenerstrasse using a surface muon beam is that the pion stopping density
569, CH-8048 Zrich, Switzerland. (number of stoppedr™ per g and secis 4 orders of magni-
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MeV/c; kinetic energy 4.12 MeYis 0.9 mm. Thus, if the
decay occurs close to the surface of the target, and if the
flight direction of the decay muons is such that the muon
path length in graphite is less than 0.9 mm, the muons exit
from the target. The momentum spectrum of the muons leav-
ing the target extends from zero to the “fre@),+ value of
29.79 MeVE. A part of these “surface muons” are trans-
ported in vacuum by the beam lireE1l, composed of dipole
and quadrupole magnets and a velocity separator, to the
magnetic muon spectrometer. The magnets and the
momentum-defining collimator of the channel were set to
select positively charged particles in a 1% wide momentum
band, ranging from 29.6 to 29.9 Med// The separator, con-
taining a horizontal electric field and a vertical magnetic
field, was set such that the muons passed the lead collimator
(item 10 of Fig. 3, whereas most of the positron contamina-
tion missed the collimator opening. The muon beam passes
through a hole in the yoke of the muon spectrometer magnet
and is focused onto the very narrow entry collimator
(width of opening 0.12 mm Muons which pass the collima-
torsA, B, andC are identified by a telescope composed of a
silicon microstrip detector and a single silicon surface-barrier
detector.

The magnetic field of the spectrometer is homogeneous,
so that “horizontal” focusing occurs. The muon momentum
spectrum mentioned above leads to a spatial distribution in
the microstrip detector with a sharp cutoff near the center of
the detector, corresponding to the maximal muon momentum
p,+. This momentum is derived from the position and shape
FIG. 1. Experimental setuil) Central trajectory of 590 MeV ?f the cutoff in the event distribution of the microstrip detec-
or.

proton beam;(2) graphite target;3) central trajectory of muon
beam;(4) half-quadrupole magnet$5) dipole magnets(6) quad-

rupole magnets(7) collimator defining the beam momentum accep- B. The production target
tance;(8) concrete shielding of proton channé€f) crossed-field
particle separatoi(10) lead collimator;(11) remotely movable col-
limator system(normally opem; (12) magnetic spectromete(i3)

pole of spectrometer(14) muon detectorgsilicon microstrip and
single surface-barrier detectgr#\,B,C: copper collimators.

The stopped pion decays to be studied occurred in the
graphite targetitem 2 of Fig. 1. The target is a wheel which
rotates with one revolution per sec, so that the temperature of
the graphitdtype EK90 from Ringsdorff-Werke, Bonn, Ger-
many; density= 1.75 g/cn?) is not increased too much by

tude higher than in the older methfiti2]. Thus the momen- the proton beam. During the data takjng runs, the graphite
tum resolution of the muon spectrometer can be improvedemperature was 9901270 K, depending on the proton beam
significantly by reducing the openings of the collimators,Cu"ent(zoo_SSO“A)' The target has the shape of a trun-

without causing the event rate to be too low. This resulted irft€d cone. The lower of the two insets in Fig. 1 represents a
a reduction of the ,+ uncertainty to+4 ppm orizontal cut at beam height through the target, which is 60
u + .

In the following, the particler, is assumed to be in a MM long in the proton beam direction, and 6 mm wide. The
mass eigenstate. If this should turn out to be wrong thdarget was grounded; the electrical resistance between the
results would be approximately valid for that neutrino masgJraphite surface and the steel support of the target assembly

eigenstate which occurs most frequently in de was measured to be@. .
g a y By The horizontal and vertical proton beam profiles at the

production target both had a standard deviation of 0.9 mm.
The spatial distribution ofr* stops in the graphite target
A. General description was calculated by a Monte Carlo program, as described in

The measurements q@f,+ were performed at the accel- Refs.[4, 8]; see also Sec. IV A below.
erator laboratory of the Paul Scherrer Institute. We used the
secondary beam linerE1, shown schematically in Fig. 1.
Protons with a kinetic energy of 590 MeV produgé me- Typical muon beam envelopes, which were calculated by
sons in the production targe, a rotating-wheel device the computer programrRANSPORT[6], are shown in Fig. 2.
made of isotropic graphite. A small fraction of the producedFor this calculation, a narrow source of muons was assumed
pions are stopped in that same graphite target and decay order to clearly exhibit the focusing conditions. The coor-
nearly at rest. The range in graphitiensity 1.75 gem) 3] of  dinates is measured along the central trajectory of the chan-
the muons from the decagl) at rest(momentum 29.79 nel. The production target is a&=0. At s=~14 m the beam

Il. APPARATUS AND EXPERIMENTAL METHOD

C. The muon beam line
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FIG. 2. Muon beam calculated by the computer program
TRANSPORT[6]. The solid curves represent the horizonta) @nd
vertical (y) envelopes. The dashed curve is the dispersion trajectory

(p=1.01po).

FIG. 3. The muon spectrometd(t) magnet yoke(2) magnet
leaves the concrete shielding and enters #tt&l area; cf. coils; (3) central muon trajectory;(4)—(6) copper collimators
Fig. 1. The entry collimator of the muon spectrometer is atA,B,C; (7) titanium support{8a) and(8b) cooling water pipes(9)
s=22.2 m, and the muon detectors are at28.3 m. The and (10) NMR probes;(11) lead shielding(12) vacuum chamber;
dashed trajectory in Fig. 2 is the dispersion trajectory, i.e., 413 port for vacuum pump.
trajectory which starts at the same place and with the samgyenings. The widths of the collimator openings were 0.12
direction as the central trajectory, but has a momentum ofym, (collimatorA), 10.0 mm(B), and 14.0 mn{(C). All three
1.01p, (wherepo is the momentum of the central trajec- collimator openings had a height of 10.0 mm. The collimator
tory). Betweens=4 m ands=18 m, the dispersion trajec- thjckness at the edge of the opening was 0.3 mmAfand
tory has a negativ& coordinate. B, and 1.0 mm forC.

The main features of the tune shown in Fig. 2 éaea The region of collimator C is shown on a larger scale in
double waist at the momentum-defining collimator, locatedrig. 4(a). The 4.1 MeV muons lose about 0.9 MeV in pass-
at the center of the dipole magnet AS¥<8.2 m); (b) atthe  ing through the 0.28 mm thick silicon microstrip detedto}
separator §=15.4m there is a narrow waist in the (cf. Sec. Il E below and are then stopped in the 1 mm thick
magnetic-field direction of the separatoy)( while in the  depletion layer of the single silicon surface-barrier detector.
electric-field direction ) the beam has a small divergence; The corresponding large signals from this latter dete@@dt
(c) the quadrupole doubl¢QSB1,QSB2is polarized so that MeV) were used as an event trigger for the data taking elec-
the unwanted particlese(’) move away from the central tronics.
trajectory after QSB2, and thus are suppressed efficiently by The collimatorsA, B, C and the silicon detectors were
the lead collimator as=18.4 m; (d) a narrow horizontal mounted on a suppoftitem 7 of Fig. 3 made of titanium,
waist at the entry collimator of the muon spectrometerselected from among the materials fulfiling the magnetic
(s=22.2m; and (e) at this entry collimator, the dispersion and mechanical requirements because of its small thermal
trajectory coincides with the central trajectory both in posi-expansion coefficient. The most important distances to be

tion and in direction. measured were those between the edges of collinfatmd
the individual microstripgabout 72 cmu They were deter-
D. The muon spectrometer mined to =1 ppm in a temperature-controlled measuring

room equipped with a precision carriage, a microscope and a

The spectrometer is shown in Fig. 1 and also, in greateraser interferometer. The temperature of the titanium support
detail, in Fig. 3. The magnet was originally a standard beam- y P PP

line element of ASL-type, with a pole area of 60100 cn? was kept between 293.1 K and 293.5 K both during the beam

and a pole gap of 9 cm T,he shimming of this magnet and thiuns and the distance measurements, and was continuously

computer-controlled turn-on procedure are the same as in threecorded by four probes distributed over the support. -
Before and after the beam runs, the magnetic field in the

E{gvf;iscpﬁgl dmv(j:ssusr(;n:sr:/tglzdi]é grlém% gazt?ga}k'?r?’tgzefol region of the muon trajectories was mapped with nuclear-
9 : ) magnetic-resonanceNMR) probes. During these measure-

lowing, we describe the changes made for the surface-muorrﬁents and also during the data taking, the field was stabilized

beam experiment. ; ; .
As shcl?wn in Fig. 3, the muon beam entered the spectromt-)ly fﬁedt.’ka ;rohm ? fl'xed. NI'\/IR'prot(aem 9 Of. Fig. 3. Thg
eter through a hole cut through the iron yoke of the magnet? ight drifts of the e d distribution were monltored continu-
The angle between the axis of the hole and the normal to th(()aUSIy by a second fixed NMR protigem 10 of Fig. 3.
outer surface of the yoke (27 °) was chosen such that muons
entering the hole on the axis have the appropriate flight di-
rection at the entry collimatoA (item 4 of Fig. 3. The The silicon microstrip detector is schematically shown in

collimatorsA, B, C are made of copper and have rectangularFig. 4(b). A 280 um thick silicon crystal is used as base

E. The silicon microstrip detector
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FIG. 5. Charge distribution over the 384 strips of the microstrip

detector, for two typical events; cf. Sec. Il A of text.
FIG. 4. (a) Details near collimatoC (item 6 of Fig. 3: (1)

copper collimator)2) silicon microstrip detector(3) single silicon .

surface-barrier detectotb) Schematic of microstrip detectof4)  the peak charge was below one-half of its normal vifie
silicon crystal f-type); (5) implanted boron §* type); (6) im- In these events, the trigger pulse in the surface barrier
planted phosphorusi(” type); (7) silicon oxide(insulato); (8) alu-  counter was generated not by a muon, but by a positron from
minium electrodes(9) conductors for upstream-side reado(t)  the decay of a stopped* or by ag particle from the decay
conductor for downstream-side readadt]) poly-silicon bias resis-  of a radioactive residual gas atom.

tor. The voltagev amounted to about 60 V.

B. Momentum spectra ofu*

material. On the upstream face, 384 vertical strips of 25 Three typical spectra, each obtained in abbin of data
um width and 19.2 mm length are implanteg“(-doped  taking time, are shown in Fig. 6. One microstrip width05
silicon with boror. The pitch of those strips, and therefore mm) corresponds to a relative momentum bite of
the effective strip width, is 5&m. The implanted strips are Ap/p=6.9x10"°,

capacitively coupled to 2om wide aluminium strips, which In the case of Fig. @), the beam magnets and the spec-
yielded the muon momentum spectra to be presented in Segometer were set to a central momentum of 29.45 MeV/
[l below. The downstream face is divided into 384 horizon-around which the momentum distribution of muons leaving
tal strips (" -type silicon with phosphoris which were the production target is approximately uniform. For Figs.
used to determine the vertical muon distribution. The voltages(b) and Gc), the central momentum was set to 29.75 MeV/
applied between the downstream and upstream strips was so that the sharp cutoff at 29.79 MeMs visible.

around 60 V. At this voltage, the-doped silicon substrate is The opening of collimatoiC (item 1 of Fig. 4 corre-
fully depleted. The microstrip detector and its electronics ar&ponds to strips 40—-320. The approximately linear rise in

described in detail in Ref7]. strips 117-150 of Fig. @) is due to the upper end of the
beam momentum bite, defined by the momentum slit of the
Ill. EXPERIMENTAL MUON SPECTRA channel(item 7 of Fig. 3. The extension of that rise corre-

sponds to the monochromatic beam-spot size at the momen-
tum slit. The distribution in strips 150—260 of Fig(ap is

The trigger signals generated by beam muons in the suapproximately uniform. Slight changes of the beam magnet
face barrier detectdlitem 3 of Fig. 4 started the readout of settings lead to considerable deviations from uniformity,
the 384 channels of the microstrip detector. The resultingnostly because the dispersion trajectory at the entry of the
charge distributions for two events are shown in Fig. 5. Inspectrometer differed from the ideal case shown in Fig. 2.
the event of Fig. &), the muon generated a single narrow Such deformations were also caused by drifts of the beam-
peak. In a few percent of the events, the positron from thenagnet fields. The roughly linear fall in strips 260—290 cor-
stopped muon decay in the nearby surface-barrier detectoesponds to the lower end of the beam momentum bite.
was also registered by the microstrip detector; see Klg. 5 In Fig. 6(b), the beam momentum bite corresponds to
For further analysis, the number of the strip with the highesstrips 120—287. The right part of the spectrgstrips 180—
charge was usefk.g., strip 226 for Fig. @), strip 298 for 320 is similar to Fig. §a). At strips 177—183 of Fig. ®),
Fig. 5(b)]. We rejected a few percent of the events, in whichone sees the sharp cutoff related to the “free” muon momen-

A. Microstrip detector signals
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As a test, we inverted the field of the beam magnets and
I 276 mT the spectrometer, so that negative muons were accepted. The
1000 © DOWNSTREAM resulting .~ spectrum, obtained gi(beam=29.8 MeVkt
- and B(spectrometgr=276.0 mT[i.e., same absolute magni-
500 | tude of field as in Figs. ®) and Gc)] is shown in Fig. 7. In
| this case the event rate was 2 orders of magnitude lower than
N | | ] | in the case of Fig. 6. Since™ mesons stopped in the graph-
O e ™ S50 500 550 ite target form pionic carbon atoms and are quickly captured

by carbon nuclei, decays of stopped are very rare. The
MICROSTRIP NUMBER spectrum of Fig. 7 consists almost entirely of “cloud”
muons, originating fromr~ decays in flight, and thus has no
significant step at 29.79 Me¥/ The approximately uniform
shape of that spectrum agrees with theoretical predictions,
thus confirming the reliability of the similar calculation of

FIG. 6. Distribution of muons in the microstrip detector for
three typical runs(a) Central muon-beam momentum 29.45 MeV/
¢, spectrometer field 273.0 mTb) and (c) central muon-beam

momentum 29.75 MeV/, spectrometer field 276.0 mT. One mi- +
crostrip width (0.05 mm corresponds taAp,, - ~0.0021MeV. the cloudu™ background below the cutoff momentyeg.,

The muon momentum increases to the left. For details, see Sel Strips 180-230 of Figs. (B) and @c)], where theu™
N B. spectra are dominated hy* decay at rest.

tum of 29.79 MeV¢ (see Sec. Il A above The peak at strip V. MONTE CARLO CALCULATIONS

185 can be understood by consideration of the energy loss A. Pion stopping density

straggling of muons in the graphite targef. Sec. IVB.  Ag mentioned in Sec. Il B above, the spatial distribution
The weakly populated distribution in strips 120-175 of Fig. of 7+ stops in the graphite production target was calculated
6(b) is due to “cloud muons,” i.e., to muons from the decay py a4 Monte Carlo prograrfé,5]. We used pion-production
of pionS in ﬂlght near the prOdUCtion target. The events incross sections measured by Crawfetdl. [10,1]1, and ap-
strips 290—320 are due to muons scattered in the jaws of thglied the formulae of Ziegleet al. [12] for the stopping of
copper collimator\ andB. This background distribution is jons to#" mesons.
discussed in Sec. IV D below. The path of a pion produced in the graphite target and
The spectrum of Fig. ®) contains muons from the side stopped in the same target is divided into three phfgks
surface of the production target, whereas that of Fig) 6 The first phase reaches from the production of the pion to its
contains muons from the downstream surface; see Sec. IV A3 keV point,” i.e., to the point where the kinetic energy of
Both of these spectra were obtained with a spectrometer fielthe pion is reduced below 3 keV. In that first phase, the path
of 276.0 mT. In total, we recorded 44 muon spectra in theof the pion through the graphite is well approximated by a
“cutoff” region [i.e., similar to Figs. t) and Gc); central  straight line. The resulting spatial distribution of the 3 keV
beam momentum 29.75 Med/. Twenty-two of these spec- points at the target surface is shown in Fig. 8.
tra contained muons from the downstream surface of the pro- In the second phase, the pion is slowed down from 3 keV
duction target and were used to determine the momenturto 10 eV. In that energy region, the pion can be scattered
p,+, While the 22 spectra of muons from the side surfacethrough large angles. As a consequefgiace pions having
were used to check the corrections related to the reduceekited from the target into the surrounding vacuum are not
pion stop density near the target surfdcé Sec. IVA). In  scattered bagkthe density of the 10 eV points is smaller in
each of these two groups of 22 spectra, six different spedhe outermost few nanometers than further inside the target,
trometer fields were used, namely 275.4, 275.6,,276.4  as shown in Fig. 9. The results are not changed significantly
mT. if the limiting energy of 10 eV is changed to 5 or 20 ¢4].
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at the downstream surface, and
14

Sy Ax=(5.9+2.5 nm (6)

E 32 at the side surface. The uncertainties in E§$.and (6) are

2 0a ] mainly due to the possibility that the trapping of a pion at a
? 02 ; crystallite boundary at the target surface may be less prob-

able (by an unknown amoupthan the trapping at a crystal-
lite boundary inside the targé#].

Since the “effectively pionless” surface layers defined by
Egs.(5) and(6) are crossed by the muons at very different
angles(10° and 80°; cf. Fig. 8 one expects that thp,,+
result obtained from the experimental spectra of muons from
the downstream surface under the assumption of an exactly
uniform 7*-trapping distribution is larger than that for

FIG. 8. Monte Carlo results for the density of the “3kev Muons from the side surface. If the surfaces of the target are
points” of 7" mesons at the surface of the graphite productionaSSumed to be perfectly smooth, the predicted results are
target(item 2 of Fig. 3, for a 590 MeV proton beam current of 280 Smaller than the true .+ value by

uA; cf. Sec. IV A.
op(smooth, downstreays(0.052+0.023 keV/c (7)

= _ L zr----ol
0 04 0.8 1.2

m*DENSITY [10"g's")

In the third phase, the pion moves with a kinetic energy of

about 10 eV to a trapping site. Most of the carbon atoms ofor muons from the downstream surface, and by
the target belong to “crystallites,” i.e., to single graphite .

crystals of about35 nm 2. If the 10 eV point of the pion lies dp(smooth, sidg=(0.31+0.13 keVi/c ®
inside of such a crystallite, the pion will move by diffusion,
between two planes of the graphite crystal, to a trapping sit . .

at the surface of the crystallif¢3]. Pions with a 10 eV point fo;Ir}grdtzvgnjgszrﬂr?::eage is thus predicted to be larger than
in the amorphous carbon between the crystallites are trappeg y

for muons from the side surfa¢&]. The uncorrected result

at similar sites. The hypothesis that the pions end up at such Dp(smooth=(0.26+0.13 keV/c
trapping sites is supported by measurements of the solubility
of low-pressure hydrogen gas in hot grapHitd]: The hy- [(8.8+4.5 ppmil. (9)

drogen solubility is much larger in graphites with small crys-

tallites than in those with Iarge Crystallites, indicating that Under the more realistic assumption of grainy surfaces
the protons of the hydrogen gas, and also the positive piongraphite grain diameter 50m) the Monte Carlo predictions
of our experiment, are preferentially trapped at the surfacgyre[5];

rather than the inside of the crystallites. Additional confirma-

tion of this trapping hypothesis came from the shape of our op(grainy, downstream= (0.050+0.022 keV/c,

muon momentum spectra; cf. Sec. V E below. (10
For the trapping site distribution of*, the calculated _ _
“surface shifts” (defined similarly to the shifAx shown in op(grainy, sidg=(0.106+=0.045 keV/c, (11

Fig. 9 were[5]
Dp(grainy)=(0.056+0.050 keV/c
Az=(5.6=2.5 nm (5)

[(1.9+1.7) ppm]. 12

2500
In order to confirm experimentally the calculated differ-

ence given by Eq(12), we took advantage of the structure
shown in Fig. 8: The pion density has a first maximum near
the center of the side surfac&{=0.3 cm; z;=0), and a
second maximum at the center of the downstream surface
(xy=0; zr=3 cm), while at the cornerx;=0.3 cm;z;=3

cm) the density has a sharp minimum. As shown in Fig. 10,
this structurgwhich was imaged by the beam transport mag-
nets onto the very narrow entry collimatér of the muon

2000

1500

1000

PIONS PER nm

5001 spectrometgrwas confirmed by measurements of the muon
i : rate in the spectrometer as a function of the current settings
v T BT S— of the dipole magnets in the secondary beam channel.

DEPTH [nm] As mentioned in Sec. Il B, half of our muon spectra con-

tained muons from the side surface of the production target,

FIG. 9. Monte Carlo density of the “10 eV points” o™ me-  While the other half contained muons from the downstream
sons in the outermost 50 nm of the graphite target. The area of theurface. The two surface regions were selected by use of the
dashed rectangle is equal to that of the histogram. dipole magnets of the beam line, i.e., by choosing one of the
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target;x, : horizontal coordinate, perpendicular to muon beéoh. FIG. 11. End-point region of the Monte Carlo calculated mo-
The Monte Carlom" density of Fig. 8, plotted vs the coordinate Mentum spectrum of muons leaving the production target; cf. Sec.
Xp. (c) Experimental muon rate vs setting of the dipole magnet'V B.

ASL1 (cf. Fig. 1). (d) Muon rate vs setting of the dipole magnet ) )
SSG of the crossed-field separatitem 9 of Fig. 2. The shapes of 791.9 keVt contains muons which have produced one plas-

the curves(c) and(d) are consistent with the source profils. mon (plasmon energy~ 25 eV). In Fig. 1](_3)_, the momen-
tum bins are wider, so that the details visible in Fig(t)1
two peaks in Fig. 1&) or 10(d). The results of the compari- are not resolved. The peak at 29.79 MeW Fig. 11(a) is

son of the two groups of spectra are presented in Sec. v DSimilar to that predicted for pions stopped in organic scintil-
lators; see, e.g., Fig. 12 of RéR].

B. Muon energy loss
C. Muon spectra at the microstrip detector
A second Monte Carlo program was used to generate the

energy loss of the muons on the way from their creation by The spatial muon distribution at the microstrip detector
the decay of stoppear* in the graphite target to the point Was predicted by use of a third Monte Carlo program. In this

where they exit into the vacuum. For this calculation, the

m* stopping density in the relevant surface regions of the
production target was assumed to be uniform, i.e., the “sur- 1200
face shifts” of Egs.(5) and (6) above were neglected. Our f
method of calculating the momentum spectrum of the exiting & 19°°F
muons[9] is similar to that of Bichse[15]. The free path of & 800 E
the 4.1 MeV muon to the next energy loss process in the = r
graphite is generated from an exponential distribution with a & s00 |-
mean free path of 25 nm. The total path of the relevant 3) :
muons in the target ranged from zero to aboup4f. Three g 4or
different energy loss processes were considered, nataely 2 2001_
the collision of the muon with & electron of a carbon atom, r
(b) the collision with an individuaL electron, andc) the Obetoooese® . 1\ il

180 185 190 195 200 205 210 215

generation of a plasmon, i.e., a quantum of the collective
MICROSTRIP NUMBER

oscillation of the electron gas formed by theelectrons.

The resulting muon-momentum spectrum is shown in Fig.  FiG. 12. Distribution of muons in the microstrip detector; spec-
11. An inital momentum of 29.792 MewMas assumed. The  trometer field 276.2 mT. Dots: experimental data; dasteeid)
peak at 792.0 keW/ in Fig. 11(b) contains those muons histogram: raw(fitted) Monte Carlo distribution; cf. Secs. IV C and
which leave the target without energy loss, and the peak at B.
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calculation, the muon-momentum spectrum shown in Fig. 11
was assumed to be valid also at the entry collimataf the
spectrometer(item 4 of Fig. 3. The distributions of the
TRANSPORTVvariableg 6] x, y, 6, and¢ were assumed to be
uniform at pointA (x,y see Fig. 249, ¢, directional angles of
the muon momentum vectorThe uniformity of thed and

¢ distributions was confirmed experimentally by recording
the muon rate as a function of the positions of the four inde-
pendently movable jaws of a collimatétem 11 of Fig. 1 , .
located 1.5 m upstream &. The uniformity of thex and 300 200 100

y distributions was confirmed by recording the muon rate as MICROSTRIP NUMBER

a function of the settings of horizontal and vertical bending

magnets. In the present simulation, a muon was considered FIG. 13. Monte Carlo distribution of muons scattered in the
as lost if it missed the opening of the collimatay B, or  collimatorsA,B (cf. Fig. 1).

C. Slit scattering is treated in Sec. IV D below. The mag-

netic field of the spectrometer was assumed to be unifornfield of the spectrometer, and the noise superimposed onto
and equal to the weighted mean of the distribution, ashe registered charge. This simulation is described in Ref.
mapped by NMR probes, over the region of the accepted9]. The results are summarized in Secs. V E and V F below.
muon trajectories. The method of calculating that mean field

10000 - [NON-SCATTERED]

5000

IS
MUONS PER 0.5 mm

MUONS PER 0.5 mm

is described in RemZ]. Our simplifying assumption of uni- V. ANALYSIS OF EXPERIMENTAL SPECTRA

formity was found, by a study of second-order beam optics ) S

in approximately homogeneous magnetic fidlti§], to have A. Microstrip efficiencies

a negligible influence on thp,, + result. For the determination op,+, the microstrips 130-250

The obtained Monte Carlo event distribution for a refer-are of interest. As visible in Fig. 6, there are two bad strips in
ence field of 276.2 mT is shown by a dashed histogram iRhat range, namely numbers 159 and 214, the contents of
Fig. 12. This histogram differs strongly from the experimen-which are systematically low. The nature of the fault was
tal distribution(shown by dots The changes applied to the found to be different in the two cases. In strip 159, the dis-
Monte Carlo distribution in order to obtain a good fit to the charge time constartbias resistance times coupling capaci-
data(solid histogram in Fig. 1Rare discussed in Sec. VB tance was measured to be abnormally small. Under the mi-
below. croscope, this was seen to be the result of a damaged

aluminium electrode, leading to a small coupling capaci-
D. Slit scattering tance. Signals from muons which hit this strip have a re-

A fourth Monte Carlo program was used to calculate theduced charge and decay fast because of the small time con-

microstrip distribution of muons which are scattered in theSFam.’ SO 'that a fractiqn of the eyents fall below the
jaws of the copper collimator& andB of the spectrometer. dlscr_|m|nat|on_level set in the gnaly5|s. valid regults were
These copper jaws were approximated by 2000 infinitesipb.tamed. by_ S|_mply omitting strip 159 from th? fits of the
mally thin sheets of the appropriate position, shape, and sufficrostrip dls_trlbutlops{cf. Sec. V B below. In strip 214, an
face density(in g/cm?). If a muon hits such a sheet, the a}bnormally high resistancenferred from a large measurgd
change of its momentum vector due to multiple Coulombt'me constantwas the result of a broken poly-silicon bias
scattering and ionization energy lo§acluding energy loss resistor. The drift field at this strip is deformed, which causes
straggling is generated. The results do not change signifi-a proportlohn of the events t? bedat';]rlbuted to thefne|ghborlng
: . - ; strips. In this case, we replaced the contents of strips 212—
cantly if the number of thin sheets per collimator is Iowered216 by their average. This was acceptable because strip 214

from 2000 to 1000. For this calculation, the muon- : | it t of th N i all
momentum spectrum upstream of collimafowas assumed was in a nearly uniform part ot th€ spectrum in ati cases. |
For the remainder of the relevant strips, the relative effi-

to be uniform, extending from 29.613 to 29.792 MeVThe iencies were found to be cl but not exactl |t
resulting distribution at the microstrip detector for scattereC'SNCIES Were fou 0 Dbe closeé, bul not exactly equal to
ity. Polynomials were fitted to the sum of all spectra taken

and nonscattered muons is shown in Fig. 13. The scatterea'f{]reduced beam momerfiag. Fig. 6a)]. The 2 values of

muon distribution in strips 290—320 is consistent with thethose fits were larger than 1.0 per degree of freedom. This
experimental spectrigs. @b) and Gc)]. In the microstrips was not due to a systematic trend, but to an apparently ran-

relevant for the determination qnc’” (numbers 190-220 in dom fluctuation of the numbers of events in excess of the
the case of Fig. 3the number of scattered muons is seen to . S . o
be only about X103 of the number of nonscattered uncertainty originating from counting statistics. As a conse-

quence, for further analysis the uncertainty of the number of
muons. : L .
eventsn; in stripi was defined to bg9]

E. Charge distribution in the microstrip detector An;=[n;+(0.01%,)?]¥2 (13

Our fifth Monte Carlo simulation concerned the distribu-
tion of the charge registered in the strips of the microstrip
detector for a given muon hit location. We took into account
the multiple scattering of the muons in the detector, the dif- The histogram drawn as a solid line in Fig. 12 was de-
fusion of the charge carriers, their deflection in the magneticived from the “raw” Monte Carlo distributio{dashed ling

B. Fits of the microstrip distributions
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by use of the minimum-finding computer prograamnuIT
[17]. Five free parameters were varied to obtain the best fit to 2250
the experimental numbers of muons per microstrip.

(1) A normalization factor by which all Monte Carlo

a) DOWNSTREAM

T
o—
o=

numbers of events were multiplied. 2000: | # """ é;
(2) A horizontal shift applied to the Monte Carlo histo- Y U
gram. This corresponds to a change of the initial muon mo- 1750 I~
mentump,+ from its assumed value of 29.792 MeV/ r %
(3) A constant background attributed to cloud mudcis 1500 £

Sec. Il B), which was added to each bin of the Monte Carlo
histogram.

(4) The standard deviation of a Gaussian distribution with
which the Monte Carlo histogram was folded. This is justi-
fied in Sec. V E below.

(5) The coefficienta of a linear correction factor
f(i)=1.0+a[i—ip] (wherei is the microstrip number, and
i is a fixed number, chosen to be at the peak of the distri- 2000 F
bution), by which the Monte Carlo numbers of events were
multiplied. The factoif (i) was introduced in order to correct

| 1 1 | ] |
2752 2754 2756 2758 276.0 2762 2764 276.6

2250 b) SIDE

Pus [6V/c] - 29.79 x 108 eV/c

S S f ----- I S
possible deviations of the beam optics from the ideal case 1750:_ %
shown in Fig. 2. The choice of a second-order polynomial r
for the factorf(i) did not change the results significantly, 1500 -
nor did it improve the fits. C ! ! ! | ! |
The small background due to slit scatteriigf. Sec. 2752 2754 2756 2758 2760 2762 2764 2766
IV D) was taken into account, with sufficient precision, by MAGNETIC FIELD [mT)

the free parameter&3) and (5). The results to be quoted
below were obtained by including 40 strips into the fits, e.g., FIG. 14. Uncorrected experimental results for the muon momen-

as shown in Fig. 12. Changes of the number of includeq, p,+, as a function of the spectrometer fiele), for muons from
strips to 30, 50, or 60 did not lead to significantly different ihe downstream surface of the production tard}, for muons
results. They? value of the fit shown by the solid histogram from the side surface.

in Fig. 12 is 35.0 for 35 degrees of freedom.

The model with the five free parameters defined aboverhe sixp - results in each of the two plots in Fig. 14 show
gave good fits to the experimental data: For the 22 spectrgg significant dependence on the spectrometer setting, as ex-
(similar to that in Fig. 12 of muons from the downstream pected.
surface of the production target, té value for 35 degrees  For the standard deviation of the Gaussian distribution
of freedom was 23.1 in the best case, and 43.8 in the worsfith which the theoretical muon-momentum spectra were

case. The average of the 27 values was 35.99]. The  folded [parameter(4) of Sec. VB abové the following
correspondingy? values for the 22 spectra of muons from weighted means were obtained:

the side surface were 21(hes}, 45.9(worst), and 32.7(av-
erage. w(downstream= (5.085+0.040 keV/c, (16)

C. Averages of the fitted parameters with x2=29.6 (21 DP),

The p,+ results obtained byNuiT [17] from the 22
experimental momentum spectra of muons from the down-

f f th i h ighted .
frgree;mofsur ace of the production target have a weig teewth ?=13.4(21 D).

w(side) =(4.897+0.040 keVic, (17)

p,+(downstrean=(29.791 937 0.000 047 MeV/c. (14) D. Target surface correction

) The difference between the experimental results of Egs.
The x? value of the 22+ values with respect to that mean (14) and (15) is

is 29.1 for 21 degrees of freedom. The weighted mean of the
22 p,+ values for the side surface is Dp=p,+(downstream—p,+(side)

. =(0.002=0.077 keV/c. (18
p,+(side=(29.791 935 0.000 043 MeV/c, (15
This differs from the theoretical prediction for smooth target
with x?>=29.6 (21 DP. surfaces given by Eq9) [Sec. IV A], but is consistent with
In Fig. 14, thep,,+ results obtained for each of the six the more plausible prediction for grainy surfaces, E).
different spectrometer settings are plotted. As shown bySince the correction for the downstream surface is smaller
Figs. 6 and 12, the cutoff dominating tipg+ determination than that for the side surface, and is almost independent of
is located at different microstrips for the different settings.the assumed surface struct{icé Egs.(7) and(10)], we used
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for the final determination gf ,+ the 22 downstream-surface For all isotropic distributions of nonrelativistic pions, there is
spectra only. To the value given by E(l4) we added a a general relation between the standard deviatb'rgg;p+ and

surface correction of the mean kinetic energy,, of the pions[4]:

5p,u+:(+51t 51) eV/c. (19) UPM+:EM+[2-I-_’)T/(3m7T)]1/2' (23)

The most probable value given by E49) is the average of
Egs. (7) and (10), whereas the uncertainty in E¢L9) was
chosen to be equal to the most probable value, and th
larger than the uncertainties in EqS,) and (10). By this
conservative estimate, we took into account that the Monte-
Carlo calculation of the surface shifSec. IV A) contains
fairly crude approximation§4, 5).

Here, E,+=109.78 MeV is the total muon energy im*
decay at rest, anth_. is the 77 mass. Equation£21)—(23)
Y2ad to the mean kinetic pion energies

T,(downstream= (0.442+0.007) eV, (24)

T(side =(0.409+0.007) eV. (25
E. Kinetic energy of trapped pions The uncertainties in Eq$24) and (25) are statistical only.
The extension of the cutoff in the experimental spectraThese mean pion energies are significantly higher than the
(e.g., in microstrips 185-195 of Fig. lavas significantly mean energy of 0.128-0.164 eV valid for a Maxwell-
larger than that expected for pions decaying exactly at resBoltzmann distribution of free pions ofi("e ™) atoms at the
We attribute that extension mainly to a Doppler broadeninggraphite target temperatures of 990—-1270 K. On the other
of the muon momentum distribution caused by the motion ohand, Eqgs.(24) and (25), and also the assumed Gaussian
the trapped pions. In order to calculate the mean kinetic enmuon-momentum distributiofcf. free parametef4) of Sec.
ergy of the pions just before their decay from the standard/ B above, agree with the hypothesis that the pions are
deviationw obtained by the fit§cf. Egs.(16) and (17)], a  trapped in the potential well of a spherical harmonic oscilla-
number of additional broadening effects must be consideretbr as derived by Shirasat al. [14], from their measure-
[9]. ments of the solubility of low-pressure hydrogen and deute-
(1) In the Monte Carlo spectra the microstrip number isrium in isotropic graphite.
defined by the point where the muon hits the detector, The difference between Eg&4) and (25) (3.3 standard
whereas in the experimental spectra the microstrip number igeviationg may be due to the fact that the radiation damage
defined by the highest chard&ec. Ill A). Because of the to the target at the downstream surface, which is hit directly
effects discussed in Sec. IV E above, the highest charge casy the proton beanicf. Fig. 1), is more severe than that at
occur in the wrong strip if the muon hits the detector close tahe side surface, so that the distribution of the pions to vari-
a strip boundary9]. The corresponding spatial standard de-ous possible trapping sites is different in the two cases. If one
viation was found to be 161 um, which corresponds to a neglects these differences and combines E2@. and (25),
momentum standard deviation of one obtains the final estimate

ow=(0.66+0.04 keVic. (20) T (0.425:0.018 eV (26)

Other broadening effects, considered below, were found ty the mean kinetic energy of the pions immediately before
be negligible compared to the standard deviatiorgiven by thejr decay. The uncertainty in E26) was chosen such that

Egs.(16) and(17). o the central values of Eq$24) and (25) are included in the
(2) The reduced pion stop density in the outermost feWgror par.
nanometers of the graphite target. Fig. 9 and Egs(5) and If the pions are assumed to be trapped in the potential of

(6)]. This broadening is of the same order as the correctiong spherical harmonic oscillator,
given by Eqs.(10) and(11).

(3) The momentum broadening caused by decay positrons
[cf. Fig. 5b)], which in rare cases can distort the microstrip

charge distributiof 18], fwherer is the distance from the center of the potential, then

(4) The multiple scattering and energy loss straggling o . :
the muons in the residual gas in the vacuum chambers of thtge mean pion energy of E(R6) correspondi4] to a spring

beam line and the spectrometpressure~6x10 ° mbay. constant of
(5) The rare radiative pion decay,” —u*v,y.
The standard deviatiorarpM+ of the muon-momentum

broadening due to the motion of the decaying pion is thusrne oscillation frequency of protons trapped in the potential

obtained from Eqs(16), (17), and(20) by quadratical sub-  gefined by Eqs(27) and (28) is
traction, Tp,. = [w2— gmuz :

V(r)=Vo+ 3 ker?, (27)

ke=(1.144+0.088 X 10'"eV/cn?. (29

vy=(1757+67) cm L. (29

o, . (downstream=(5.042+0.040 keV/c, (21
. This is consistent with the resulf,~1600 cm !, obtained

by Shirasuet al. [14] from their hydrogen and deuterium

0p,-(5ide)=(4.852:0.040 keVic. (22 solubility measurements.
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TABLE |. Contributions to the uncertainty of the muon momen-
tump,+.

Uncertainty

Source of uncertainty (eVic)
(1) “Statistical” uncertainties:

1.1.mINUIT error (counting statistics

and microstrip efficiencigs +47
1.2. Scatter of position measurements +26
1.3. Scatter of magnetic field maps +35
1.4. Monte Carlo statistics +9
Quadratic sum1) +65
(2) Systematic uncertainties:

2.1. Position measurement device +15
2.2. Magnetic-field measurement device +67
2.3. Muon energy loss in graphite target +22
2.4. Graphite-target surface correction +51
2.5. Charge drift in microstrip detector +7
2.6. Atomic potential ajw™ creation +0.4
2.7. Muon energy loss in residual gas +0.6
Quadratic sun{2) +89
Quadratic sum1,2) +110

F. Momentum of muons from pion decay at rest

The p,+ value obtained from the fits to the spectra of
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The relative uncertainty ob,,+ is thus=3.7 ppm.

The result of Eq.(31) is consistent with the value of
p,+ obtained by use of art beam[1], but is more precise
by a factor of 4.8 . The most probable value of the new result
is lower by 0.07 ke\¢ than that given in our recent lettgs]
on the present experiment. The difference is mostly due to a
correction in the analysis of the distance measuremi@ifits
Sec. Il D above of Ref. [3], and also to the inclusion of a
few additional muon spectra in the present analysis. The re-
sult given by Eq(31) is intended to replace that of R¢8].

VI. CONCLUSIONS
A. Upper limit of the muon-neutrino mass

We use thep,,+ value of Eq.(31), together with measure-
ments of thex™ and 7~ masses and th€PT theorem
(m_,+=m_-), to derive a new value of the squared muon-

neutrino mass. Thg " -mass is taken from Ref19]:
m,,+=(105.658 389 0.000 034 MeV. (32

For the 7~ mass, we use each of the two possible values
derived in the recent reanaly$0] of the pionic x-ray spec-
trum of Jeckelmanet al. [21]: i.e.,

m,—(A)=(139.567 82-0.000 37 MeV, (33
or

m,-(B)=(139.569 95:0.000 35 MeV. (34

muons from the downstream surface of the production target

is given by Eq(14) above. To that value, several corrections
had to be added.

(1) The target surface correction of E4.9), (+51+51)
evic.

(2) A “Hall effect” correction taking into account the

The valuem_-(A) of Eqg. (33) is obtained if, in the calcula-
tion of the electron-screening correction, the strongest com-
ponent of the pionic magnesium {4-3d) x-ray line of Ref.

[21] is assumed to correspond to the presence ofkoetec-
tron, whereas the valum_-(B) of Eq. (34) results if the

deflection of the charge carriers in the microstrip detector bystrongest component is assumed to correspond to the pres-

the magnetic field of the spectromeféi, (—49=7) eVic.
(3) A correction due to the trap potential in the graphite

ence of twoK electrons.
For the smaller of the twer™ mass values, i.e., for Egs.

target, which the muons have to surmount. From the ent31)—(33), four-momentum conservation in the decay
thalpy of solution for hydrogen in graphite, measured bym " —u" v, [cf. Eq.(2) abovd leads to the squared muon-
Shirasuet al. [14], it follows that the protons of hydrogen neutrino mass
trapped in graphite have a binding energy of 16.08 eV. We
assume that the trap potential for pions is the same as that for
protons(cf. Sec. V E above This leads to a pion binding
energy of(15.6+0.1) eV [9], which the decay muons have to Whereas the larger of the twer -mass values[Egs.
surmount in leaving the site of their creation. The corre-(31).(32), and(34)] leads to
spondingp ,+ correction is(+57.5+0.4) eV/c. 2 o 2

4) Theﬂcorrection for the energy loss of the muons on mVM (B)=(-0.016-0.023 MeV".

their way through the residual gas in the vacuum chamber. . 9 . .
of the beam line and the spectrometdpressure The first of the twom, values[Eg. (35)], negative by six

(6+4)x 10" mbai, amounting to(+0.9+0.6) eV/c. standard deviations, can be considered as unphysical and
Our final result for the momentum of muons from the thus excludes the smaller of the two~ mass value$Eq.

decaym* —u* v, at restis thus (33)]. The seconctnvﬂ2 value[Eq. (36)], on the other hand,
is compatible with zero, and hence implies that the larger of
the twow~ mass valuefEqg. (34)] is consistent with our new
p,+ result. Thus we conclude that the squared muon-
The contributions to the statistical and systematic uncertain?hGUtE'So mass 1S as g'vﬁ? zy E@S) dabbovei.h Aclgor?w;g |t§ i
ties in Eq.(30) are listed in Table I. If these two uncertainties € “Bayesian approac e§cr| ed by the Farticle Data
are added in quadrature, one obtains Group (page 1280 of Ref[19]; probability density set to

’ zero formm2<0), Eq. (36) corresponds to the new upper

limit

mVMZ(A)z(—O.143t 0.024 MeV?, (35)

(36)

p,.+=(29.791 998& 0.000 065, 0.000 082,5) MeV/c.

p,+=(29.792 06-0.000 13 MeVic. (31
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m, <0.17 MeV (C.L.=0.9). 37 0.10;
a
The uncertainty of the squared neutrino mass in(B6), and 0.054
thus also the upper limit ofnyﬂ [Eqg. (37)], is dominated by 0.00
them_- uncertainty[cf. Egs.(3) and (4)]. ]
-0.05
B. Mass of =+ “with cosmology” 0401
The following 7" mass is derived from the,,+ value of I 5
Eq. (31), the u* mass of Eq.(32) and the assumption 0183
m,,=0: & 0.20 Frrmirm et
> 0.5670  0.5680  0.5690  0.5700  0.5710
m_.+=(139.570 220.000 14 MeV. (39 = 010
= 04
o~ 4
For muon-neutrino masses below the cosmological upper E>1 0.081 b
limit, m, < 65 eV [22], the resultingr*-mass is equal to 0.06
that of Eq.(39). 0.047
0.021
C. Mass of 7* “without cosmology” g‘gg-
If the cosmologicalm,,ﬂ limit is not used, then the new _0:04:
p,+ result of Eq.(31) and them,,+ value[19] lead either to -0.065 ‘
the m_+ result given by Eq(38) above(for mVM=O) or to -0.08 1 .

largerm,+ values(for myﬂaﬁ 0). This information, them, -

results[19], and theCPT theorem (m,+=m_-) together
lead to a value ofn_+ which is more precise than thma,_-
results alone. This can be demonstrated by considering, e.g., _
a tentativem_- value of 139.569 60 MeV. This value is at ~ F!G. 15. Allowed regions of the mwf'mvﬂz)‘p'a”e- Band
the lower end of the error bar of tie,- result given by Eq. vyidths .correspon(.j tax 1 standard deviatio'r?. The goncentric el-
(34), but is lower than the newn_+ result obtained from lipses in (b) are lines of cqnstant probab|llty_den5|ty, at Q1
P+ by 4.4 standard deviatiorjfor m, =0; cf. Eq.(38)] or 0%, ..., 0.9 (wherefy is the central densily

more (for mVﬂ&O)' value of Eq.(34), but excludes then(A) value of Eq.(33)

The relevant two-dimensional probability distributions arepy six standard deviations. Considering the older- results
illustrated in Fig. 15. The two vertical bands in Fig.(86  compiled in the meson full listings of the 1994 Particle Data
correspond to then - results of Ref[20]; cf. Egs.(33) and  Group (p. 1446 of Ref.[19]), the pion mass of Eq(38)

(34) above. The tilted band in Fig. 14 indicates them, *  agrees with the values DAUM 91 and ABELA 84, but is
value derived fromp,+ andm,+ as a function of the as- larger by several standard deviations than the values JECK-
sumed value ofn+. The combined probability density dif- ELMANN 86 and LU 80; cf. Fig. 16. The discrepancy be-
fers significantly from zero in the regions where the bands

0.5690 0.5694 05698 05702 05706 0.5710
M, [MeV] — 139 MeV

intersect. The lower of the two intersections in Fig(a)5s F .
located at negativeanyﬂ2 and thus is excluded. The upper 0.573 - 3 E §
intersection is shown in greater detail in Fig.(6 Our final 0572 g 5 5 <
estimate of the charged-pion masighout cosmologyis de- T < § s 3
rived from Fig. 1%b) by the following procedur§23]: > 0571 = B—
(1) The probability density functiori(mwz,mvﬂz) is set 2 E . 1 L6
to zero for negative values uﬁyﬂz. (2) The remaining den- ?’2 0.570 F % T B
sity function is projected onto the_- axis of Fig. 1%b); L oseof 2
ie., the probability density function E . S
h(m, =)= fgxf(mwr,m,,ﬂz)d(mvﬂz) is calculated. = 056818 + A+
(3) The mean and variance of the resulting slightly asym- £ 0567 £
metric distribution functiorh(m_-) lead to the result F +
0.566 |
m,+=(139.570 32 0.000 23 MeV, (39 !
0.565 1 1 1 L 1 i L 1 ! L 1 1 1

this agrees with the resultith cosmologyof Eq. (38). 1980 1982 1984 1986 1988 1990 1992 1994 1996

FIG. 16. Recentr™-mass measurements; cf. p. 1446 of Ref.
[19]. The values ABELA84, DAUM91, and ASSAMAGANYEQ.

In comparison with the recent reanalysis by Jeckelmannas) of present papérare based orp,: measurements; values
et al. [20], the 7+ mass of Eq(38) agrees with then_(B) above the vertical arrows are possiblemtﬁE 0.

D. Comparison with previous a*-mass results
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tween Eq.(38) and JECKELMANN 86 can be explained by be k= (1.144+0.088).187eV/cn?. This trap potential
the fact that the latter value was based on “solutdh  agrees with that derived from measurements of the solubility
(strongest component of the x-ray line attributed to presencef hydrogen and deuterium in isotropic grapHiief].

of oneK electron, which according to the reanalygig0] is
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