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Lawrence Berkeley Laboratory
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Berkeley, California
ABSTRACT

A magneficAspeéfromefer at the Bevatron has been used to study the

low neutrino ehergy ends of the Ku3 and'(Ke3 spectra. The specfré'are\

found to agree well\wifh the V-A predictions for massless neutrinos.
The upper limits (90% C.L.) are 650 KeV for the muon nehfrino mass and.

450 KeV for the mass of the electron neutrino.
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{. INTRODUCTION

- The hosf precise limits on the.muon neutrino mass have been set by measﬁr-
ing the energyI or momen1'um2 of the muon in m > uvu decays. While +Eis method
is straightforward, if'isbquife sensitive to the value of the pion mass. A
deTerminaTidn of The muon neutrino mass is presenfed here thch ié praéfically

Independent of the uncertainty in the pion mass. The method used is to

' o X T + ¥ :
examine the .low neutrino energy ends of the Ki+ T u+v (KuB) and KE,*vﬂ eV (Ke3)

spectra.. As will be shown, the use of Kﬁ > ﬂ+wf (K“") events for mass scale

éalibréfion decreases the senslfivif; of the neutrino mass determinations fo
previously measured parficle masses. |

A comparlson of the resulfs and ﬁefhods of muen neufflno mass deTermln-v
na}ions is shown in Table l. IT should be nofed that for all methods the
quantity acfually measured is.fhe squaré of the rest masé; hence reducing the
mass limit by one half involves an experlmenf which is four times as sensi#ive.

Also defermlned in this experlmenf is a limit on the mass of the electron
neutrino. Very precise measuremenf53 of the positron spec?num from Trlfuum -
beta decay have set limits on The elecTron neutrino masé of ~ 60 eV. The
compar|+|vely crude limits set by The presenf experlmenf (450 KeV) offer both ~
a check on the experlmenfal mefhod for determination of the muon neuTrlno mass
and a new limit on the mass of electron neutrinos from sTrangenessfchanging decays.
The Ia*?er.fesulf is Signfficanf when one considers the pauéify of experimental
evidence on the existence éf different types of neutrinos. |

In addition as a test of CPT invariance, the spectra for neutrinos are com-
pared with the corresponding spectra for anti-neutrinos. Our limits on the

mass differences are much more sfringenf'fhan those implied by compar i sons of

+ - ieosr
m and m |ifetimes,



o

I'l. EXPERIMENTAL METHOD

I. General

The V-A theory of weék interactions predicts little dependence of the

K ., matrix element on the neutrino mass. However, the

L3
boundary of the Dalitz plot is modified for a non-zero neutrino mass.

In the present experiment the measured invariant mass mwl of the

two charged secondaries is simply related to the neutrino energy in the

kaon center of mass by

2 2 2
- + —
My m“2+ m\)!’(mK mnl) m. -m )=m -m
E = > = K e K e
v ’ mK 2m
K
Simultaneously detected KE >mtn” (Kﬂﬂ ) decays are used to measure the

resolution of the apparatus and calibrate the absolute invariant mass scale.
Since the Kﬁ events effectively measure the kaon mass, the present results
are independent of previously measured values of the kaon mass. Since the
neutrino energy depends only in second order on the pion mass, the uncertainty
in the pion's.mass (14 KeV) leads to an uncertainty of about 8 KeV in the neutrino
energy measurement.

2. Apparatus

Figure | shows the plan view of the detection apparatus. The 6-m—long

evacuated decay volume began 7 6 m from The producf:on target in The
5

Bevatron External Proton Beam. . The O. 8-msr. beam yielded v 6 x 107 K, in

L
the momentum range 0.8 - 3.2 GeV/c for 6 x IOI' profons on the target.

The momenta of The decay secondarles were measured in symmefrlc spectro-
mefers, each with a 0.9-m x 0, 6-m aperture picture- frame magnet and five
double gap magnetostrictive wire spark chambers. The chambers were de-
signed with low mass (5.2 x IO- radtaflon lengths) and The volumes befween |

the spark chambers were fllled with hellum to reduce Coulomb scafferlng



Downstream of the last spark chamber on each side of the apparatus,
counter hodoscopes F and R selected trajectories with maximuﬁ'horizonfal
divergences of - £ 45 mrad from the beam line. This angular requirement
selecTed'secondary particles emerging from the decay volume with trans-
verse momenta within-a rather narrow interval; the désired interval was
selected by setting the magnet current appropriately. .A.six counter array H was
mounted in front of eachrF hodoscope, and.a large counter T for fast timing was
mounted behind,each R hodoscope.

Electrons were identified in 2.3 m long Freon Cherenkov counters,
which were found to be more than 99.6% efficient during pre[iminary tests.
Muons were identified by range meaéuremenfs. The ranée detectors each
contained a | m long carbon block followed by 17 ée!ls of sfeef and
scintillator. Each cell consisted of one or more 1.2 m x 1.2 m x 2.5 cm
steel plates. The number of plates in each cell was chosen to give a muon
range interval of approximately 7% for momenta between 0.5 and 1.6 GeV/c.

The data discussed here were accumulated as (useful) background

3 + - + - + - .
during a search for the rare decay modes KE +uu , ee and uyet which

4,5

has been previously reported The spectrometer magnets were set to

correspond to a transverse momentum of 225 MeV/c, the center-of-mass
mémenfum of the decay_KE -+ u+u-. The trigger logic required a particle
~on each side which satisfied the angular requirement and éTso counted

in the H array and the timing counter. Events with an electron which

bent inward at angles béTwéen I5 and 45 mrad were rejected; this veto
reduced the K63 background in the dilepton sample at the expense of The_dafa

presenféd here. The signals from the Cherenkov counters (except as noted above)

and the range counters were not used in the trigger but were recorded for use

€
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later .in-the analysis. The signals from the counters and the spark chamber
information for each event were accumdlafed, checked, and then stored on magnetic
tape by a PDP-9 computer. Beam intensity and magnet currents were recorded

~ each Bevatron pulse. »
For‘ThQ ow neufrino energy (or high hﬂz) region of fhe K23 Délifz

plot %he spark chamﬁer frigger Qsed for.fhe‘rare deéay mode search was

ideal. By reéqiring both charged seéondérles to Have'frénsverse momenta

greafer than 200 MeV/c; only those K23 events éf fnferéSf he}é were accuﬁulafed.
The only‘sfgnificanf,backgrpund with respect to parfiéle indentification

invol ved Ki -+ n+n- decays in which a pion decayed'apsfream of the magnets and

simulated a Ku3 event. This background Qilj'bevdiscusséd in Section VilI.

It1.  DATA SAMPLE.

The events were recoﬁsfrucfed and analyzed Qifh‘a CDC-6600 compﬁfer.
“An evenfzwas cOnsidergd a Kus br Kesgéandida+9 if the fwo reconsTruCTed
trajectories. met within 2 cm fn the decay volume and if the reCoﬁsfrucTed
angles and momenta were kinemaTically coﬁsisfenf with such a decay. Ahy
parTicleZaCCOmpanied by a ChérenKOV'counfvwas aésumed to be an electron;
other particles were tried as pions and muons. Eéch éyenT with no Cherenkov
count wasvalso considered as a ﬁqssible :Kﬂ" candidafe\if fﬁe verféx cut

described abové was saf}sfieq and if the reconsfruéfed parehf particle
" originated at a point fesé fhén 4.0 cm~ from the prﬁ&gcfion +érgef.

For this first sfagé_analyéis, an effecfive—lengfh paraméferiéafién of the
magnefié fields was used. This sfmplé procédure provided.adequafe mass
rgsolufion for the iﬁifial Selecfioh of evenTs wffh a_mihimum expenditure '
of compufer_fime.‘ Better ﬁomenfum resolgfion and discriminafién against
impossible trajectories could be achieved by a sfep-by-gfep integration

4

of the frajecfories fﬁhough the measured magnéficlfields. Accordfngly, 



for one out of five KTm eyen#s‘ahd for all K23 events wifh mnl'gréafer than
475 MeV (as determined from the first analysis), each charged sécondary_
trajectory was numerically integrated using the measured magnetic field
maps. Events with discontinuous trajectories, indicating a decay in flight
or an error in spark assoclation, were elimlnafed. The cuts were quite
stringent éndvcorrespoﬁded to about *wb,sfandard deviatlions on each 6f
eight parameters measuriqg deviations from orbit cohfinuify;’ Approxi-
mately 6Q% of the data survived these cuts. Thelfnfegrafed trajectory
was also used To_cor}ecf the momenfﬁm_esfimafe. |

To be TIdentified as a muon, a particle was requirédifo stop within 1.5
counters of its egbecfed‘range,, This corresponds to fequifing that the muon
range be within about 10% of the expected value. A pion was identified by a
range mére than 1.5 éounfers short of the exﬁecfed range of a muon of the
same momentum. |f both particles in an event safisfiéd-fhe muon range criterion,
. the event was' removed from *ﬁe gu3 sample, The Iabo;afory homenfa of:fhe
" secondary particles were determined prfmaFily by the ké;n laboratory md%enfum
(<‘PK > = 2.2 GeV/c) and only weakly.correlated wifh'*ﬁe Dalitz ﬁlof position.
Therefore, over the small invariant mass interval used for the neutrino mass
determination, eIimiﬁaTion‘of‘evehTs wi+h ambiguous m or U idenfif{cafion did

~

" not bias the Ku decay spectra.

3
Having determined the momenta and identities of the charged secondaries,
one could calculate the invariant mass (mﬂé) and the neutrino energy\(Ev)

in the kaon reést frame. Events for which the reconstructed kaon could not have



originated within 5 cm of the production target were elfhinafed. Tﬁis cut
was purposély very loose because the calculation of the distance of

closest approach of the parent kaon to the target is coupled to the invariant
- mass calcu[afion. If the cut were too Tigh+‘i* coJId distort the shaﬁe of
the spectrum. Scatter plot sfudies.of Klsldafa coﬁparing the distance of
Closest approach to The target as a function of mﬂi.lndica*ed that no bona-

fide events were lost by the kinematic compatibility requirement.

IV. APPARATUS RESOLUTION AND INVARIANT MASS CALIBRATION

Figure 2 is a semi-log plot of the K invariant mass distribution.
The spectrum can be fitted qlee well by a superposifion of two Gaussian
forms centered about the same mass plus a |inear background. Changing the
cut on the distance of closest appféach to the fargef frdm'S cm to 2 cm
does Hof appreciably éhange The yidfh of.+he KmT peak although the linear
ba¢kground does decrease. The wider Gaussian is compatible with Kmr events
in which a pion has decayed in flight or scattered from the material in the
spark chamberé while the Iineér background is compatible wi*h Ku3 events in
which a .muon has been mfsiden#i?iéd as a pion. To eliminate as much of Thé
K conTaminaTion’as possible; ajl KTm events with kaons which could not

U3

have originiated within 2 cm of the production target were eliminated.

'

The invariant mass plot shbwn in figure 2 has been used as the resclution
function of the apparatus. Although the resclution should be normally distri-
~buted as a function of the square of the invariant mass, the results of this

experiment are insensitive to such details of the fitting procedure primarily



because the invariant mass intervals for the KQS fits are small.

The talls of the disfribpfion shown in figure »2 are from Ku3 decqys
in which the neutrino direction is parallel to the kaon direction or from
Ko events in which one pion has decayed in flight. For éach of these two
sources of.broadening the measured width of fhe K““ peak is greater than
the resolution width expected for KRBT (Note that there are two pions which
can decay In flight for Knn as compared to one pion”fof K23). For fhis |
experiment the tails of +he'K"" peak were small enougthha* they did not
affect the fits appreciably.' Furthermore, the use of a'resolufibn function

wider than that of the apparatus would lead to less stringent limits on

the neutrino masses.

V. DETECTION EFFICIENCY

The detection efficiency of the apparatus was determined with a numérical
infergraflon scheme (the program LAS VEGAS) in which events were genérafed uniformly
in phase space and traced through the apparatus. figﬁre 3 shows the Ku3 detec-
tion efficiency énd the V-A spectrum as a function of neutrino energy. The
efficiency is normalized to Unlfy at the zero neutrino energy end. The efficiency
at 5 MeV  neutrino energy drops by only 4% from the maximum at the tip.

The Ke efficiency is further distorted because the Cherenkov counters

3
were used in anticoincidence to reject events if the electron bent inward

downstream of the magnets. Although this trigger scheme had little effect on
the events at the tip of the Dalitz plot, i+ decreased the detection

efficfency for Ke events relative tc that for Ku events for lower values of

3 3

mnk.

et
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Figure 4 shows The.Ke3 data compared to the V-A prediction for a zero
mass neutrino, including the effect of resolution. A value of X+ = .04

is used for the Ke form‘facfor. The only adjustable parameter is the normaliza-

3
tion. For the mass interval 485 < Mo <'499‘Mev, the x2 is 19 for 27 degrees
of freedom (C.L..~ 90¢% ) and the data agree with the spectrum in the in+er9al
475 < Mo < 485 MeV. The quality of the fit indicafes»*haflfhe V~-A theory
giQes a gosd representation Qf the data and that the LAS VEGAS program is a
good representation of the apparatus.
Shown in the Inset of figure 4 is the variation of xz-as a funcfjon of
electron neutrino mass. The minimum is at 0 KeV and>fhe corresponding 90% limit
is 350 KeV where the xz increases by I.6.. Since only the square of the
neutrino mass enters into all relevant formulae, an excess of events at the
tip of the spectrum wouldcorrespond to an imaginary neutrino mass. Unfortunately
the necessary expressions cannot be analytically continued to imaginary
masses (the V-A current-current interaction allows negative transition probabilities
in such cases, fof example) and fits for imaginary neutrino mass are model-
dependent, Predfcfed spectra for imaginary masses were obtained by Increasing
the kaoh's mass sllghfly in the calculation of the matrix element to keep the
V-A helicity structure at +he_Dali+z'plo+ boundaries., The Dalitz plot
boundaries for the phase Space part of fhe_Transifion probabi|i+y were calculated
for imagiharyvmasses.‘ For this and other reasonable models the minimum |

remained at zero neutrino mass when imaginary masses were considered. The

shape of the imaginary mass part of fhe‘xzcurve clearly depends on a particular



- 10 -

v

model, however, and so is not used in the determination of the errors on
the mass limit. It should be noted that even if the x2 minimum were at

an imaginary mass, we would still take the 90% Iimit as the mass where the

x2 increased by !.6 over the X2 at m, = 0. : . s

Vil. K . SPECTRA
-3 —

) Kﬂn Background

+ -
Events from the decays K, + m 7 are a significant background to the

L

Ku3 end point studies. In fact, approximately 106 Kwn decays were detected

during the course of the experiment; this is to be compared with approximately 10

Ku3 decays with neutrino energies in the interval 0 to 5 MeV. Even a

fraction of a percent of K_mr events would cause backgfound problems if

identified as Ku A pion from Kmr which decayed upstream of the momentum

3
analysis sysfem,'for example, would generally cause the event to be classi-
fied as a Ku3 if the muon entered the range device. |

Such mis-identified an events show up in the m_ spectrum as a rather

. T
broad peak near m. x 480 MeV. Figure 5 shows the apparent My, distribu-
tions for a subset of the Kyp @vents shown in Figure 2 with one secondary
pion intentionally misidentified as a muon. ;Figgre 6 sths the complete Ku3
spectrum compared to the predicted V-A spectrum normalized to the uppermost
5 Mev in the mass spectrum. The KTm background is appargnT.

(2) Flffing Procedure

To eliminate the K, background in the Ku3

of mu invariant mass were tried in order to find the extent of the back-

ground free region., Leaving the upper limit of the fitting interval fixed

spectrum, different intervals s




at 499 MeV, the V-A fit foé'zerb neutrino mass was tried using different lower

limits. For all fitting intervais starting at or above 493 MeV the fits are

acceptable, and have x? probabilities which are stable and are similar

to those of the Ke3 events in the same mass interval, When fits with V-A

for neutrino masses greater than 1.6 MeV were tried, no acceptable fits were

possible for any mass interval. |
As Ioég as the ratioc of the K . background to the K‘13 spectrum decreaéeé

monotonically as the neutrino energy decreases, any Inclﬁsion of this back-

ground'will,lgad to neutrino maés |imifs which are fdo large. That is, the

higher background at the lower end of the fitted interval, when used in the

normalization, simulates a depletion of events at high m, corresponding

¥
to a massive neutrino.

'The"m_”u spectrum for the kuB'daTa is shown in Figurel7 along with fits
for zero and l.6vMeV neutrino mass. The inset shows the;xz distribution
"as a function of neutrino mass. The minimum is at zero mass with a x2-= 13,7
for 10 degrees of freedom. The confidence level for The.fif is about 20%.
The x2 as a fungtion of m& increases by 1.6 at about 550 KeV and that is
taken as the limit (90% confidence level) for the néufrino mass.

A similar analyéis was performed for the KeS‘daTa in the Mo interval
493.,5 To 499 MeV. The fiffed results are shown in Figure 8 for zero and.j.6
MeV neutrino masses. Thevfif for zero mass is good (x2 = 9.2 for 10 degrees
of freedom; confidence level ~ 50%)7al+hough the 90% cqnfiﬁencé level |imit

for the neutrino mass is only slightly worse ( ~ 400 KeV) than for the

larger mass interval shown in Figure a.
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VIi1i. RESULTS AND CONCLUSIONS

(1) Systematic errors.

The overall normalization is affected by a number of parameters
which have a negligible effect on the final neutrino mass limits. Examples
are fhe sz form factors, the radiative cérrecfions 6 and uﬁcerfainfies
in the detection éfficiency. In general, very large changes in the form
factors of the fadia+ive cut=off parameter of the detection efficiency
‘drop-off cause the V-A fits to become slightly worse. However, even
though the minimum x2 becomes worse, the position of the minimum does
not change. This is because the effect of a massive neutrino is seen
as a significant change in the shape of the spectrum only at the low
Ev end rather than a gradual shift in the data or a slight renormalization.

Two things to which the results are sensitive are the width of the
mass resolution function and, for the Ku3 spectrum, -the cuts on the muon
range requirement, 1f the resolution function is made wider by allowing

more background events in the KTrTT spectrum (Fig. 2), the quality of the

3

requirement Is relaxed, mTm events are not fitted as well, presumably

tits for both the Ke3 and Ku spectra deteriorate. When the muon range
because more K“ﬂ backgréund is included.

The 90% confidence levels on the neutrino mass |imits vary over a
range of -about IOOVKeV depending on the particular resolution function and
muon range cut used. Including these systematic uncertainties, the overall
[imits are 650 KeV for the muon neutrino and 450 KeV for the electron

neutrino (90% C.L.)
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(2) Test of‘CPT‘lnvariance

6PT‘in§arfance implies equaliff of the neutrino and-an+lneu*fino '
'masses. Sincg muons and eiecfréhs of both chérge signs wére accepted by -
Tﬁe apparafué, the flnaj data samples‘cohfain about equal mixtures of‘
neutrinos and énfineufrinos.‘ Tﬁe spectra for the neu+rihds are found to
be the same as those for *hé\corresponding antineutrinos. The mass diiferehce>
_is less than 450 KeV (90{) be*ween the electron neufriqo‘and its anti-
parfiéle and between the muon neutrino and its antiparticle. ‘The.only
ofﬁér limit on,a neutriho—anfineuTrinO»mass;difference §eehs to be that
implied by the limit on the difference in ' and 7 Iifetimes.’

. We wish to thank Dr. R. CliQe Field for he[p during-+he first

stages of the experiment and Dr. William R, Holley for many helpful
discussions. Michael Barnes and {th P. Wilson assls?edb}houghffully

during the .data analysis and we gratefully acknowledge their pafficipa*ion.
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TABLE I

MUON NEUTRINO MASS MEASUREMENTS

S Limit (MeV) : : o |
Decey Mode 29% Coels ‘ © © Method o -~ Reference
- pt.v ' 3.6 Muon fange in emulsion - ' Barkas (1956)
+ : . . )
i 4_e+ vy - 1.5 Positron momentum messured Peoples (1966)
. o ' with magnetic spectrameter
t ot o , . |
o=yt v 2.2 * Muon renge in LH, B.C. Hymen (1967)
n+‘* u+ v ' 1.6 " Muon momentum measured Boothe (1967)
: with magnetic spectrometer
' X - u+ \J _ 1.15 . Muon energy with Ge(ILi) Shrum (1971)
B T . i detector :
K;'~'n# Wy 0.65 nu invariant mass with This Experiment

magnetic spectrameter

(a) W. H. Barkas, W. Birnbaum and F. M., Smith, Phys. Rev. 101, 778 (1956).
"(b) " J. Peoples, Nevis Laboratory Ph.D. Thesls R-457, CU-253, NEVIS-147 (1966), unpub!ished.
(c). L. G. Hyman, J. Loken, E. G. Pewitt, M, Derrick, T. Fields, J. McKenzle, I. T. Wang
J. Fetkovich, G. Keyes, Phys. Letters 25B, 376 (1967).
(d) See Ref. 2
(e) See Ref. |
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Plan view of the apparatus. F and R are counter hodoscopes. H

is a six counter array, T is a fast timing counter.

Semi-log plot of the ™ invariant mass spectrum used as the re-
solution function of the apparatus and the absclute invariant mass
scale calibration for the neutrino mass fifs.

Detection efficiency of the apparatus cdmpared with the theoretical
V-A KuS spectrum as a function of the neutrino center of mass energy.
In the interval O to 5 MeV neutrino energy fhe detection efficiency
changes only 14%.

The me invariant mass spectrum compared with the theoretical V-A

prediction with the detection efficiency and resolution included. The

'fi++ed interval is 485 < Mo < 499, The inset shows the x2 as a

function of neutrino mass.

The Ty invariant mass spectrum found by purpésefy incorrectly
identifying as a muon one of the pions from Kwn decays. The vertical
scale is expanded by a factor of 10 for mwﬁ > 485 MeV.

The mu invariant mass spectrum from KU3 events compared with the
theoretical V-A spectrum normalized to the interval 495 < mTm < 500 MeV,
The background centered at 480 MeV is from incorrectly idenfifiéd

Kw“ detays.

The mu fnvariant mass spectrum compared with the theoretical V-A
prediction in the interval 493.5 < mnu_< 499, The smooth (dashed?
curve corresponds to Mon = 0.0 (1.6) MgV, The Inset shows the X2 as P
a function of neutrino mass.

The me invariant mass spectrum compared with the theoretical V-A
predictions for the same interval used in Fig. 7. The limit on the

neutrino mass is only slightly worse than for the compiete interval.

The general character of the fits is similar to those in Fig. 7.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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