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ABSTRACT',

- The experiment .described here compares the lifetimes of =
and m by measuring the fraction of surviving pions at several positions
along a 35;ft (one-half lifetime) decay path. The result of the measure-
ment, 'r('rf“'})/T('rr—) = 1700055.i0,000’71, is consistent with the CPT theo-
“rem, which predicts that a particie and its antiparticle have equal life-
times. The bearn. polarity was alternated frequently between positive |
and negative particles, and many precautions were taken to insure tnat
the nt and n beamsﬁ were identical in their spatial and momentum ais—
tributiens. ' Most of the runn’ing time was-spent inve s:r';gafcin_g possible
sources of systematic bias which might make the lifetimes appear to be
different, and a number of these systematic errors were found and
eliminated. Using a time-of-flight determination of the pion velocity,
‘we obtain a value of the charged pion lifetime, T = 26.02+0.04 nsee.
. The good ag.reement between this _value for pions in flight and the result
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of independeﬁt measurements with pion_s at rest provides the most
precise verification Of‘ time dilation. In the model of Lundberg and
Rédei this coméarison sets an upper limit on a fuhdamental length of
3)(10—15 cm. The yelocities of the ' and =~ bevamszweme:compared
by time of flight and the momenta by use of a magnetic Spectrometer.

Together the measurements determine m(1r+)/m(1r—) = 1.0002 £0.0005.
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I. INTRODUCTION

The CPT theorem states that all interaction Hamiltonians are

invariant under the combined operations of C, P, and T applied in any
Ao.rder.b .One consequence of this invariance is the prediction that the

, toAtal;‘lifetimes of particle and antiparticlé must be equai. ! -The} exper-

iment de§éribed here 1s a comparison of the lifetimes of w+ and its

: antipariicle 7", performed at the Lawrence Radiation Laboratory"s

'184-inch cyclotron. % Since CPT invariaace is a sufficient but not

.ngcessafy condition for the equality of lifetimes, CPT might not be
cqriseryed»in this non- s\tr.angeness-changing de;:ay_, and equality couid ‘
result fr‘om CP invarianvce. | |

The CPT theorem puts CPT _syrﬁmet_ry on a very different foun-
dation from the 8pefations C, P, T, and CP. ’i‘he theorem 1is tied in-
ti;‘natély fo the bidea_s‘ of field the.ory, élfhoﬁgh not to any one form of
field theory, and if CPT is found to be violated ;.nywhe re, a complete
rewgﬁrking of the basis of field theory will be required. The observed
CP violation in the decay of the neutral kaon implied a violation of
either,T or CPT (or both) in that decay. Although'rece'nt work sug-
gests that the decay is not invariant under T, 3 there is no evidence

that the CP and T violations occur in such a way as to preserve CPT

' syxnfnetry.

Because previous lifetime measurements have been performed

- on pions at rest, our measurements in flight serve also as a check of

the predictions of special relativity and can be used in the model of

Lundberg and Rédei to set an ﬁpper limit on a fundamental length.
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Alternatively, the comparison provides a valuable eh_eck on system—I
atic errors. |

Prior to this work there was disag reernent among various de-
terminatlons of the a.bsolute lifetime, and in addition three lifetime-.
difference experiments all suggested that . mlght be longer- hved than.

T . 5-1 The experiment of Ref. 7 used a method 51m11ar to that of the

present experimen_t.

Be'.cause the w lifetime cannot be measnre'd at rest, we detebr-_
mined the lifetirneé of both 'n'+ and ™ in flight. | A'-nearly.parallel beam
of pions was alternated between ot and ™ by reversing the polarity of -
the secondary-beam magnets. The system of upstream counters that
monitored the intensity of the beam included a focusing Cerenkov-
counter which identified pions. The fraction of beam pions that had not
decayed was measured at different positions along’ the beam path by a
similar, i"novable ‘Ce}renkov counter. The pion beam was well confined
within this counter at all'positio-nsk along the 35-ft (one-half lifetime)
decay path.. |

The variation of the pion fraction with distance determined Ithe E
lifetime in the laboratory system. Deriving the difference between th—e.’
proper lifetimes of 7 and m~ requires measuring the difference between
the velocities of the positive and negative beams; the absolute beam ve-
-, 1ocity does not have to be known very accurately. A precise measure-
ment of the absolute 1ifeti1tne, however, requires corresponding pre-
cision in the velocity. Hence, oue ratio of the pion lifetimes is consid-

erably more precise than the absolute lifetime.
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The most S1gn1f1cant 1mprovements in the present experiment
over the work of Ref. 7 were (1) a 100- fo‘ld mcrease in the pion flux, -
(2) the use of either 11qu1d deuterlum or 11qu1d hydrogen as the radi-
atlng medlum 1n the movable Cerenkov counter, (3) the use of a - second
Cerenkov cqunter to prQ__lv1de pomtlve -1dent1f1cet10n of pions in the in-
fensity rnonitor, (4) greatly improvjed designs for the two Cereﬁkov
counters, (5) more critical treatment of systemat1c errors, and (6)
completely new counter and electronic systems. Liquid deutermm was

used for the rat1o measurement charge 1ndependence insured that the

+
effect of. 1nteract10ns in the Cerenkov counters was the same for m

'andw .

II. EXPERIMENTAL METHOD

A. The Beam

The beam layout is shown in Fig. 1. To avoid bias in the life-

time-ratio measurement, we tried to make the m and ™ beams iden-

tical in all respects. Except for the cyclotron 'fringe field, the mag-
netic field along the entire pion beam line reversed when changing

from Tr+-te n . The fringe field along the secondary beam was small,

and was further reduced by wrapping the beam vacuum pipe, from the

beryllium farget to the movable Cerenkov counter (Cb),..with trans-
former steel. The proton beavm intensity was measured by a seco‘ndary—
emission monitor; and its steering was monitored by a split ion cham-
Ber. The TI’+ and T rates were madeb equal by adjusting the filament
current ef_the cyclotron ion source, and hence no changes in the beam-

spill characteristics resulted.

il
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Pidns_produced at 15 deg were nﬁo'mentum.-analyzed_ and brought .

to an image at the 2-in.-thick lead collimator which defined the beam

momentum and the momentum acceptance (:t:O;B‘?‘o);. Thé pion beam was

symmetric about the collimator, so that a second, dispersionless image -

of the production target was formed at counter M. Finally, the 12-in. -~

diam quadrupole triplet bfought the particles diverging from 'M4 to a
focus near the end of the 35-ft decay path. | |

| The i)ipn beam traveled in vacuum excép’c for the scintillation
cqunters (M1, MZ’ .M3, and M4), the eleétrgn .veto counter (Ae_j’ andv
,the monitor Cerenkox} cdufxter' (CM). Thése coﬁnters were made‘ as thin
as pos_sible'to minimize the effect of fhe dif,fe-re'nt wt and ™ scattering

cross sections. There was continuous vacuum from M, to C_.. Par-

4 D

ticles séatte‘red by M, and C, were vetoeci By thevant_ic'oincidenée '
counters A_2 to A6’ ea_ch consi'sting of an 8--in.~-squaré sheet of scintil-—_
lator, with ’che beam passing 'thwoﬁgh a central hole. . These counters
were mounféd inside fhe vacuum system and had no wrappings around
thevhole edges, so fhat anypé.rticle which scé,ttered significantly in them
produced .eﬁoﬁgh light to veto itself. They also served to define the un_ - .
scattered beam entering the quadrupole triplet, insuring that the beam _
was éontain_ed within a 5.5-in. -diam envelope along the decay path.

The differential Cerenkov counte’rs,‘ Cyyand Cp, responded only
to pions, and used either liquid hydrogen or liquid deuterium as radiating
media. 8 These detectors were designed to count only particles with.
velocity $ = 0.920+0.009, traveling parallel t;) the axis. 'fhey had ef-

ficiencies of 0.04% and 1%, respectively, for the momentum-analyzed

beam muons (f =0.95). . These muons constituted 8% of the particles in

\
|
B
I
|
S
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the negative beam which were npt electrons;.in the positive beam the
. S { corresponding fraction vs}a's 10% . ' |
| | The relatively low ".scatjtering and nuclear-interaction cross sec-
- tions of bydrogen and deuteriuru made them far superior to other radi-
ators in spi‘te:ef cryogenic problems.!v Nuclear interactions were of
pa‘rtieular‘ .conce_ru beeeuse the pion fnomentuxn was vn'vear the peak of -
thebfirsttJ = >3/2, I=3/2 pion-nucleon resonance. Liquid deuterium |
was used fof the lifetime-x;atio .determihation to avoid bias from the
very 4d'iffe’r.ent cross 'secfiohs of 1T+ and 7 on hydr‘ogen (ZOC mb for 1r+p
and 80 mb for Tr;p). The 7'd and 7 d cross sections, altbough larger
than for 1r+p, are equal because of charge 1ndependence Liquid hydro—
g‘en was used for the absolute llfetlme measurements, however, because
of the lower cross sections. The slightly lower refractlve index of hy-
drogeu required a change in the pion beaﬁ momentum from 285 MeV/c
with liquid deuterium to 312 MeV/c with liquid hydregen. ?

’I'be electron anticoincidence counter Ae was a 36-in. -long, 45-
psia,. CO2 Cerenkov counter which responded only to electrons in the
beam, all other particles having velocities well below threshold. Be-
cause electrons accounted for 35% of the negat1ve beam, but only 7% of
the positive beam, they were a potential source of systematlc bias. It

L was important that they were vetoed with high efficiency by the monitor
counters. By identifying electrons independently by time ofi flight, we’
found the efficiency of Ae to be 99.3%+0.1% . Since CM detected elec-

trons with only 1% efficiency, the overall efficiency of the pion mon-

" itor for counting electrons was 0.007%.
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Protons could have been a troublesome component of the pos-
itive beam, since they had no counterpart in the negative beam. These

particles-w_ere stopped in CM’ however, and failed to count.

B. The Pion Detectofs

The construction, operation, and performance of the two differ-
ential Cerenkov counters have been described elsewhere, 8 and will be
treated only briefly here. The n;lonitor 'Cerenkonv counter CM is shown
schematically in Fig. 2, and the rﬁc.)va'ble counter CD in Flg 3. To
provide uniform efficiency over the entire aperturé the radiating liqﬁid 7
was surrounded by a cylindriéal mirror having a diameter of 4-in. for

M
by the quartz lenses. Pafaxial partic':ies produced a ring image of ra-
dius f tan6, where. f is the focal length of the lens system an}dl 6 is
the Cerenkov angle. Light from pions of the central momentum passed
through the annular apefturé in the diaphragm which was ,viewéd by the
centlral i)hototube, while light from higher-velocity pavrticl'es fell outside
the ring aperture and was detected by the anticoincidence photomulti-
pliers.

Particles that had the proper velocity but were traveling at
small angle.s to the axis producedblight'which was focused to aI hearly
circular image whose center was shifted with respect to the center of
the ring diaphragm. Although some light from such par’ucles reached
the central phototube, much of their light fell outside the aperture and
was detected by the anticoincidence photomultipliers. This property

was particularly important in C,., since decay muons produced at 7
P Yy p D Y P

C,,..and 7-in. for GD. Cerenkov light was focused at the ring diaphragm
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deg in the‘laborato.ry had the same velocity as beam pions and other-

wiée would have counted as pioné. -
/ » The light from pion;s admittfed by the ring aperture was re-
flected into the ééntfal phototube.by a conical mirror. Ultraviolet-
transr_nit'ting' Lﬁcité 1ight pipes »broﬁbg.-ht the liéht from fhe two halves

of the anticoiricidencé l;.in.g to the tv&bl anticoincidence phofotu_bes. In
_eaclh counter, the butput pulses of these two phototub_es w‘ere added
bvef'ore plilsefheight disvcrimination.

It was irriporfant that thé movable counter have uniform effi-
ciency across its entire entrance aperture. Because of correlation
 between the entrance position of a 'pion.'and the position of its Cerenkov
light on the photomultiplier face, it was necess.ary'to»select a photo-
tube with an exceptionally uniforrn“ef}ficiency across its face. In addvi-
tion, a fnore acute reflécting cone was installed so that only the central
-3.5_-in. diameter of the 5-in. tﬁbe face was used. Ti'le pion efficiency
vgrad'ients were then less than 0.2%_/in.v The new reflecting cone re=-
duced the .effective aperture of CD to a 5.5—in.-diam. circle, however.
Particles entering the flask outside this region counted with several
percent lower efficiéncy than those wi’éhin the central circle.

A large fraction of the running ti—:rﬁe was devoted to studying
the properties of CM and CD. The pulse-height distx_‘ibﬁtioné from
t‘h'eir central phototubes were particularly valuable. The distributions
for Cpy shown in Fig. 4 illustrate the effect of pion interacti'qns in the
liguid-hydrogen radiator. Each cﬁrVe is the spectrum of CD pulses
which were in coincidence with a count in fhe upstream pion monitor

and exceeded the CD discriminator threshold. Most small pulses
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resulted from pions that entered the counter and penetrated only a

shbrt'distance' before undefgoing a nuclear interaction. The pulse B

height for such p-articles was proportional to the distance traveled be-

fore interaction. The nt and "-, distributions in Fig. 4 correspond

to the same number of monitor counts. Because more interactions

occurred for 1r+, the Tr_+ distribution has more small-amplitude pulses

and fewer large-amplitude pulses than the m distribution. The cor-
responding si)ec_trum when liquid deuterium ﬁras used in th'e> counter
had even more 'sma_.'ll—amplifdde pulsés," With this radiatirigvmediurﬁ,.
however,':thé pius ra.ndi;minus' s'pe'ctra were identical, as expected ‘fvx:om
charged independence. |

'i‘he number of iriter'acting. pions counted by C, or C, could be
greatly ré_duced_by requiring pionvs'to.trayerse the entire radiator aﬁd
count in a downsiréam‘sci.ntillator, e. g-» My after C - The movable

M
counter CD could not be operated in this manner, however, be;a‘use
of thg requir‘e‘ment that the Cerenkov counter efficiqncy be indepen-
dent of s'malkl changes in beam position. A dowﬁstrgam coincidence
counter impvvroved the pulse—heig'ht distribution because it failed to in-

tercept most of the pions that scattered in the radiator, and this fact

made the efficiency sensitive to beam position within the counter.

- C. Electronics and Data-Taking Procedure

The electronic logic employed conventional 100-MHz transis-
torized modules. The ''monitor' coincidence M identified as pions

those p‘art'iclels that counted in M,, M M M,, and C

1 27 773 T4 M

photomultiplier), but not in A1 to A6’ Ae, or AM (the CM anti-

-(the central .
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coincidence ring). The "data" c01nc1dence D, identifying particles
which counted in M and CD (the central photomultlpher) but not in AD
(the C anticoincidence ring), reco rde’d the number of pions that had
not decayed before reach1ng the rnovable Cerenkov counter Because
D and M were used to calculate the l_ifetime and lifetime ratio, each
of these coincidences.was S‘caled on two independent 100-MHz scalers.

Many other coinci.dences (some of which are listed in Table ‘I)
were used to monitor the beam comp051t10n and the pert;orrnance of
various counters. For e.xample, the ratio BEA/B was sensitive to
any malfunction in the veto counters 'Az .through A6’ while S/BZA
measure.d-the electron .contamination and the performance of Ae'
The effevct\ of the Cerenkov-counter anticoincidence rings was mon-
itored by '-c_ompavring coincidences with KM and KD to results without
these vef_o requirements. Since pions counted with 'nearly 100% effi-
ciency in the M central photomultlpher and there were no electrons
in the T coincidence, TC identified muons in the beam. The ratios
V/L and X/S, the fractions of beam‘muons and electrons counted by
CD’ were'extremely sensitive to the CD discriminator level. They
provided not only a criterion for setting t\his threshold but elso served
as good_ind_icétors of gain chenges in »theVCD photornulti'plier.

The DM, coincidence recorded pérticles that counted both in

5
Cph and in MS’ a 12-in. -square scintillator behind Cp- Since most
particles undergoing a large deflection in the Cerenkov medium were
excluded, the ratio DM5/M was relatively insensitive to fluctuations

. of the CD photomultiplier gain. Such gain variations could thus be

inferred when the data showed normal values of DMS/M, but deviations
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in D/M greatiy exceeding expected stati:.sticavlv flu;:tuafions.

A single data run took aboiit §ne week and could achieve a sta--'
tis'tical éccuracy of better thaﬁ 0.1% for the lifetime ratio. Operating
cvonditions ‘'often were changed significantly between the several data
runs; for example, the CD photomultiplier and conical mirror were

sometimes replaced to achieve greater gain stability, more uniform

response across the face of thé counter, and a wider effective aperture.

For this reason each run was treated as an independent determination

of the lifetime and the lifetime ratio.

D
roughly 6 ft apart and labeled DP1 through DP7 in order of increasing

Data were taken along the detay .pafh at seven positions of C

distance downstteam. Freqﬁent polarity reversals, wh.ich‘took only

10 min, minimized the effects:: of ény slow changes ‘in counter é_ffi-
cienciesf The movable counfer was kept at one position for 6 to 12‘
hours, during which the beam polarity was chavnged at 1-hour intervals
and the cbntents of»é.lil'the écaler.s réad out every 15 min. The séalgrs
were simultaneously recorded by a typewriter and a r‘nagnetic‘ tape unit.
Computer .a'naly'sis of the data on magnetic tape, completed within a.
few hours of acquisition, was used to détect subtle systematic errérs_
while a run was in progress.

Thé same statistical accuracy in D/M was obtained at each posi-
tio'n;vfor’éxample, twice as much time was spent at DP7 as af DP1.
Eighf measurements of D/M, the ratios usea to calculate the lifetime |
and the _lifetirne difference, were made on each polarity at every posi-
‘tion. Although there was a great statiétical,advantage to taking data .

only at DP1 and DP7, a large fraction of the time was spent at the
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intermediate positions. Inthis way we could detect apparent deviations
from expo_néntial attenuation of the beam with distance, which would in-
dicate serious s.ystematic_ errors. We returned to each position sev-

e"rbal timés bduring a run to éheék_ rép‘roducibility of the data.

D. Time-of-Flight Measurement

Tl':xe' attenuation of the pion beam with di‘stance depencied on the
pfoduét of the proper lifetime and 7 = (1 - BZ)_i/Z = p/m.  (See Sec.
IV-A.) 'The most precise meé.sﬁrement Lo-f N used the time-of-flight
method 1&0‘; find thé mean pion velocity. ’I‘.hé.measurement used two ad-
diti;)na.l ‘s-icihtillation cj:ourvx‘t‘_e‘rs, T,1 axéd TZ’ each 2.5-in. ;square and
0.5~1in. -thick. Thé upSt;?am.cogntef T1 was iocated between CM and .
M4 and in.fsez;'c::vepted gll pai‘ticles in the .rnonitor coincidence. For in-
creased ;esolution, CD was removed and thqdeééy path was extended
be‘ybnd DP7. The downstream counter T, was mounted 87 ft from T,
about 1.1 mean decéy lengths from DPi. "A continuous, magnetically
shielded, vacuum pipe extended from M4 to TZ'

The difference 't between the times of flight of momentum-
analyzed eiectrons and pions was measured. By using this difference
and thé fact that B = 1 for the electrons; wé found the momentum more
precisely than was pbs sible usihg the pion total flight time T. If d is
the flight distance, the pion velocity is relatéd to the two time intervals
by B =d/cT and B =1/(1+ct/d). The uncertainty in 8 caused by agiven

relative error in T or d in the first case is larger than that caused by

"t or d in the second by a factor \(2(1 +8), about 11 in this experiment.

Uncertainty in the flight distance caused negligible error since
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momentum was derived from the pion-electrpn time difference: A
0.1% momentum measurement required an accuracy of jon;l')g 5 cm.
Another advantage of the appfoach was that the effects of drifts in the o
electronics was minimized. For example, although a chénge iﬁ the -
secondary-electron transit time of the T1 or 'TZ phototube changes the
apparent .pion time of flight, the difference in flight times between pions
and electroﬁs is not affected.

Discriminated signals from _Ti and T2 were used as START
.and STOP inputs to a time-toramplitude converter (TAC). The TAC
output was recorded by a pulse-height»avﬁalyzer (PHA) gated sé that
data were stored on1;>r for particles counting 1n T, and T

1 2

either the M coincidence (particles identified as pions at CM) or the

and satisfying

Bﬂ Ae ‘cvoincidenc'e (ele'ctrons ideﬁtiﬁed by Ae). Because of‘pion de-
cay be.twee'n CM afxd TZ’ the "pion' peak in the time-of- flight distri-
bution included a background of c-lecay\muons which might hgve biased
the apparent vpiorll time of flight; howeve r,. calculaﬁons ‘show thaf the
backgroun‘a was. s'rnall‘enough_ andv sufficiently syr;lmetric about the true
pion mean so that negligible error was introduced.

Thé measuremeﬁt was made by alternately accumulating particle
data and calibrating the TAC-PHA system against the time delays of
- two ‘calibration cables. The procedure was repeated 18 times so that
the effect of systematic drifts could be estimated from the internal
consistenc;r among the data. The mean for each electron and pion time-
of-flight peak was found by a least-squares fit to a Gaussian plus constant

background. Chisquare perdegreeoffreedom (Xz/d) averaged 1.3 for elec-

trons and 0.8 for pions. The fit to a peak typically used 14 channels.
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Va‘ryin-g this number of fitting to a Gauséian ;viAthout background
changed the mean pion-electron différeﬁ;:e only a few hundredths of
. a channelb.‘ ..‘The number of PHA chanﬁels between eleéti‘oﬁs and pions
was 107.‘54 #.0.1'1, the uncerfainty_being the standard devi-ation. of the
mean of thé 18 runs. | ‘V N
’i‘he precbis_ion in the de rived beé.m momentum depended crit-
| ically on'_the calibration of'the TAC-PHA system, i.e., the‘ numb‘er of
channelsv per hanosecond. The calibration proceduré,‘ ‘carried out be-
w&tweevn .eac'h.data run, used the dual outputs of. a pulsér as START and
STOP inputs to. tfle TAC. Inf_ernal delays wére _chosen so that the re-
sulting pbéak in the PHA spectrum occurred_approx'im_ately.' at the posi-
tion of the pion peak. One of the calibration cables x‘nasfthen ‘added be-
| twveen‘the.'pulsér and the START iﬁput SO thét the generated peak fell
vbelow the"pbosit.i_on of the e'lectrron peak. (The pion anci elevctron fl.ight
times differed By about 9 nsec; th_é two cables had dellays,of about 10
~and 20 nééc.) The number of channels the generated peak clhvanged
when the cable was added cqrresponded fo the known cable delay;
Because it was necessary to measure this change to better than one
channel, ;;tdditional time jitter was introduged in one of the TAC in-
puté. The. signal from one output of the pulse generator triggereda
light pulserv(a gallium phosphide diode) viewed by a phototube whose
~ output theﬁ went to the TAC. Without the phototube fhe'calibratioﬁ
peaks fell in a single PHA channel. With the added jitter the peaks
were similar to those produced by beam particles; means for these
peaks were found by a curve-fitting _procedui‘e iike that used for par-

ticle data.
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Much effort was devoted to finding the time delay of the two
calibration cables. The technique which was developed compared _the
shift in arrival time of pulses delayed by the cable witha' s.hift result- .
ing from a known change in the period.of a pulse generator. Arn ar-
ranvgement of fast-logic modules extracted a pair of sequential pulses
from the wave train of a high- frequency pulser, then routed the flrst
to the START 1nput of a TAC and the second to STOP. At the TAC
these pulses were separated in time by 1/v + C, where v1 is the
frequency of the pulse generator and C is the inherent time difference
between the paths from the pulser to the two inputs of the TAC Pulse
pairs generated in this way produced a peak in the pulse helght d1s-
tribution of the output of the TAC. | |

The generator frequen’cy was thepn changed to vy ,A new peak :
corresponding to 1/v + C, where C was unchanged lwas produced.

The time scale of the system (channels/nsec) was thus determined,
since the number of channels between the peaks corresponded to a
known time difference: 1/\)1— 1/v2-. 1f, instead of _changing- the fre-
quency, we added'azlnc;ablee‘.de!la;y:«td ,;onea of{ the TAC inputs, the number
of channels the peak changed detérmined the time delay.

Because of attentuation and dispersion in the cable, the effec-
tive delay depended on the initial rise time of the transmitted pulse and
on.the threshold of the subsequent discrimination. For this reason - ' .
the modules preceding and following the cable in the cable measure- |

ment setup were the same ones used during the time-of-flight calibra-

tions.
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The measu'rement of the reference‘caibles and the reduction

- of the time-of-flight data both depended on the linearity of the TAC

and PHA. The d‘i‘fferehtial linearity of the combined system was mea-

sured by generating START and STOP polses having a random time

‘ sepa’ration.  The integral linearity was deduced from the accumulated
~ spectrum. The relative error in the pion-electron transit-time differ-

ence from this nonlinearity was less than 0. 10% .

; Tﬁe_othe,r major source of error in the -deriveo' time difference .
was random timihg fluctuations in the elevctronics >(‘1uring the 'acquisi-
tlon of the partlcle data, the cahbratlon of the system, and the mea-
surement of the cable delays The total relatlve error in the time.
d1fference was 0 16%, in ‘n or the momentum, 0.09%. Since the life-
time dato‘ we’re.taken without T1 in the beam, the momentum was cor-
rected for the pion energy loss in the scintillator. This loss was cal-

culated from the stopping powers of hydrogen_and carbon to be 3.13

MeV with an estimated uncertainty of 5%. From the results of the‘

time- of- fllght measurement the beam momentum during the runs with

liquid hydrogen in the Cerenkov counters was 311.89+£0.32 MeV/c

1II. SYSTEMATIC ERRORS

A. EQu_ality of the Velocities_ofv‘the' Positive and Negative Beams
To derive the difference between the 'n'+ and T lifetimes, any
difference between the velocities of fhe positive and negative beams
had to be measured. Precautions were taken to minimize the diffe;'A

ence in the momenta of the two beams. Magnetic shielding reduced
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the nonrevérsing' cyclotron ffinge field to less than 0.2 gauss alovng the
beam line. Nuclear-magnetic-—resonan?:é devices in the two bending
magnets gﬁaranteed long-term stability and equality of the central fields
for #° and 7" to 0.005%. Three types of measurements AverifiedAth.at the
nt and ™ beams had the safne velodity or the same momentufn.

The first technique was to measure the efficiency of CM or CD’
for both al aﬁd ™ as a function of rnornéntum in the region of the pion
peak. Be'caﬁse the Cerenkov-counter efficiency depended on the pion
veloc_ity,v the steep sides of fhe peaks (a '1% change in momentum gave
a 30% change in efficiency) p'e;mifted a ll)vreci.se co,mp_aris‘on of the n

and 7 velocities. The résults‘ of six different determinations made
under a variety of conditions are shown in Table II. VNo}t'e‘thr’;\t‘vi.f the plus
and minus velocities are assumed to be equal, the rhéasurements dem-.
onstrate the similarity of counter revsvponse to w' and 7 ..

The time-rof-flight mea‘sdreﬁent previously discussed provided
apbther aécurat’é comparison of the v and ™ velocities. Many of thé
systematié e'r-rorvs which limit the précision of tilé absoluteévelécity de-
tex‘-minationbhave little effect on the measurement of the velocity dﬁiff.er-_
ence. In particular, an accurate value of nanoseconds per PHA channel
is not needed. Six measurements of the time-of-flight difference between
pions and elecfrox}é,' alternat;;é}g in.polarity, gave (T;_’_- n_)/’q values
(% 10™%) of 0.5, 05 and -5.0. |

The third technique usedan auxiliafy bending magnet at a point .
along the deéay path and four \'ivir:g spark .chambers with magnetostrictive

readout. Systematic problems affected the measurement of the plus-minus

momentum difference much less than the absolute momentum. Four
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measur‘eghen‘t.s of (p+‘- p;_)/p yielded ‘valu'es (X 1_0—4) of -0.4, -3.4, 2;5,.

and 4.85 | o | A |
Mean values.gof the tifne—of-flight and magnetic-Spectrometer .

measﬁféfnents are giveﬁ in Table II. Tpgether the measureménts

place a lim.it onthe 117" mass difference: (m_- rn._)/m = (2£5)x 10-4.

10

The precision is comparable to previous measurements.

The three types of measurements gave no indication of any dif-

~ ference in the widths of the plus and minus momentum distributions.

Actually only the mean of the distribution was of importance. If the

. momentum width of the beam were ten times greater, the observed

pion attenuation would be changed only 0.0_Z%-.

B. Di'ff‘ic'ulties,' Caused by Pion Interéctions

Because piohs in‘teract.ed in the radiéi:or of CD, the movable
Cerenkov counter, pulses frém the central photorﬁultiplier had a pulse.-
height spectrum which extended below the discrimination level. The -
counter efficiency ‘was thus sensitive to the precise gain of the.tube.
Four systematic errors associated with thisvproblem will be discussed.

The need for a phototube with uniform efficiency across its face
D efficiency cap.sed by

lack of uniformity in the phototube was serious because of the gradually

. increasing horizontal sepa;ré.tion of the positive and negative beams

along the decay path. The effect caused 'rr+ and 7 to appear to have

different lifetimes because, as C., was moved downstream, one sign

D

was counted with gradually increasing efficiency, and the other with de-

creasing efficiency. For the data runs used in the final analysis,
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corrections to the lifetime ratio for this systematic error were less
than 0.03%. | o

- The slight rate dependence of the gain of the- CD central photo-
multiplier was é second éystematic diffi.culty. The gain of the tube
decreaa;ed é.s CD was moved downstfeam, where the counting rate was
lower. ~For a given change in gain, the change in efficiency for count-

ing pions depended on the relative depth of the valley of the pﬁlse-—height

spectrum. Thus, with liquid hydrogen in the Cerenkov counter, the de-

crease in eAfficiency (a fev? tenths of a percent) was greater for Tr+ than
for 7, because of the differenée in the «pulse-height distributions (Fig.
4). The anélysis used to derive the abéolute lifetimé used this fact to
correvctb‘for fhe faté dependence. The lifetime ratio was derived from
runs with li’-qu‘id deuterium, however. By using this .radiating medium
andvby k‘eeping‘the nt a;nd n” rates equal (to within 10%), th:e_puise-
height speétra fovr the two polarities were identical, and the r_neasure.d |
lifetime ratio was ffee from-th_is source of ‘.bias‘.

The third systematic .effect ;avas of Special_ interest because it
\.:vasvalso present during the eérlievr experiment, Ref. 7. When CD was
moved to a new data position, the change in‘pion flight time required
that cable delay be changed for the CD and 'AD photomultiplier pulses
~so that thg LCDKD pulses still arrived at the D coincidence module at
the same time as the M-coincidence pulse. Dt);z'.ing the first exper- |
iment and the first paﬁ of :ch.ils experiment, as CD was moved down- -
stream, cable delay was removed from a signal before pulse-height

discrimination. Because of attenuation in the cable delay, a larger

fraction of the CD pulses exceeded the discrimination level (the

-
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detectiéﬁ ef-ficiéncy was greater) when the cquntef was at DP7 than
when it W»é.s at DP1. With liquid hydrogen as the radiating medium,
the effect was greater for 1r+.than. for ™, with the result that v had
an épparéntly 1bnger,lifetirﬁe'. v N | |

When the exist.eﬁcé of the effect was recognized, the variable
cable delays in CD and AD were pla”ce.d after the disci’iﬁinator,s, so
that the 'léngth of cable between the photomultipliérs and the discrim-
inators was constant. Even without thi‘s change, however, with‘liq‘ﬁid
aeﬁteriurh in the Cerenkov counter the variation in ef'fici.e‘ncy with, disb-
tance was the same for ‘;T+ and 7w , aﬁd the_lifetime-ratio measuré-—
'mént was unaffecfeci. j
The results of the earlier expefiment can now be understood.

L+

The anor‘nalouvsly long nt lifetime and the lifetime difference with !w

longer-lived than 7 presumably resulted from the mistake in plal‘ce—
ment of the variable de‘lay coupled with the use of liquid hydrogen.
Léstly, the naturje‘ of the pulse-heigh’c distfibuﬁc’m made the CD
efficienéy sensitivevto gain fluctuations in the central phototube. Over
time 'pe riods shorter than on‘e-.hallf hour pérticular phototubes éxhibited
‘sigr‘lificant variations which could affect ot and m differently, since
pqlarity.was changed only once an hour on the average. Although over
long beriods there shc;,uld have been little effect .on the measurement,
data taken with unstabb.le photofnultipliers were no"c used in the final
average. Fast data analysis made it possiblé to detect gain variations

during the course of a run. If such variations were found, the CD‘

phototube was exchanged for a more stable one.
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C. Containrnent of the Pion Beam and Connting of Decay Muons in CD

Two other. problems were beam nlons missing Cb and decay
muons spur1ously counting in CD" Inrfestlgatlons of these effects were _
related, .because tests of confinement of the pion beam required that
pions and decay muons be dlstlngulshed These two systematic errors
affected the measurementeﬁthe absolute hfet1me more than the lifetime
ratio, since they were the same for both charges of pion.

The most dlrect test. of beam conflnement used a 12 ~in. ;square
.v.v1re spark chamber to determine the snatlal distribution of the bearn .'
at each data position. vThe presence of runde51red- tracks prevented
this technlque from precisely determlnlng the maximum lateral extent
of the pions in the monitor coincidence M. Although thevchamber was
pulsed following an M coincidence, a pion in the monitor couldﬁ-decay and
the chamber -cou'1>d record the rnlion. In addition, pions which were
physicail-y'in the beam. but had not satisfied the M 'coincidence con-
tributed to theha.ckgvronnd. o | | |

In another test of the beam»,A CD and a thin, one-jn. -square
scintillation counter irnmediately in front were moved as a unit later-
.ally with respect to the beam line.‘ The scintillator localized the
position of the particles detected, and Cp \tvas to distinguish ptons from

| deca.y muons. _' The counting rate decreased rapidly with divsta_nc.e fvrornv
beam center but did not go ‘to zero. A range measurement indicated |
that the background particles at large radii were muons. Thus CDY ha%i

. ¢

imperfect rejection of decay muons. The measurement with CD and

the scintillator indicated an_efficiency of (11 £5)%; the measurement
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was ifnp.recisé because f_he counting rate was very low.

The spurious counting of decay muons Wa'svprobably caused by
poor imaging of Cerenkov lightl, a result of dispersion in the radiating
rﬁédium.’ » Abbut 1% of fhe _i’nomentuxn-anaiyzed muons and 7% of the “
elec.:tron‘s“i‘n the beam pr&duced cox.mtbs in CD. The corresponding ef-
fici‘enéie_s for CM Were sijnaller, because CM could be operated in
coincidencev_w.ith a downstream counter, M4. Also, because the CD
- photomultiplier respbnded to_‘s_hox_'te‘r 'vsl/avelengthsvthan did thg Cy tube,
th‘e'l effect of dispersic')n was greater in CD. It should be érnpha_sized
Athat_ the bgam muons a{nd elec’groné whicﬁ céﬁnted i_n' CD caused ﬁegli-

gible error ‘beéause only particles in the monitor coi'ncidencg could
satisfy the D coincidence. B.e'cause_ of the efficient éperation of CM
.and'A»e, the monitor coincidence contained léss than.‘_O.._O 1%_ electrons.
and less than 0.04% beam muons. |

Another systematic check was to rneavsu'r_e D/M, fhe fraction of
monitor particles counting in CD’ whén the counter was off center7 ’fhe
: techniqué determined the correct centering of CD with respect to the
beam aﬁd ‘.rne‘asur‘ed the uniformity of its response across its entrance
aperture. In addition, the data reﬂectéd both the" size of the effective
aperture of CD and the size of the beam. Wherever the beam dimen-
sions were smaller th‘anv the 'effectiye ;perture of Cps the counter could -
bé displaéed laterally with no change in D/M. Beam dimensions deter-
mined by the spark chamber at one position, together with the data with
CD displaced, measured the effective aperture. The spark-chamber

data for the other positions showed that the beam was well confined
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*;x/ithin the counter at all positions except DP7.

'Corrobofating evidence came from al;solute lifetime fits to dif-
ferent corﬁbinations of date positions. With DP7 data omitted, life-
times derived from the upstreafn four or five positions, the down-
stream four-or five positions, and all six positions agreed within sta-
tistical error. (If an increasing fraction of the beam had been lost at
downstream p051t10ns, the "downstream lifetime' would have appeared
shorter than the ' upstream hfetlme ") The data from the f1rst six
positions indicated that about 0.2%‘of the beam was lost at DP7. This
positionlWas not used iﬁ the absolute-lifetime.computation, although
it was included in the retie fit. |

Goodness of fit (the xz test) was not a useful indi.cation of sys-
tematic errors .such‘as beam loss. Fits dete.rrhining th‘evabsolute life-

time with and without DP7 were both satisfactory, because the decay

path was dnly a fraction of a lifetime. For the same reason, if at eil_e,ry'

pos1t1on there had been some loss increasing w1th dlstance downstream,
the true error could far exceed the stat1st1ca1 error, although the fit
might still be good. The spark-chamber profiles of th'e Beam: along the
decay path were valuable in showing that loss of beam was likely only

at the most downstream positions.. The Vdata were consistent with the
iorediction of beam-optics calculations, indicating that near the middle
of the decay path the beam envelope was smallest and was well con- -
tained within the counter. At positions upstream of this poinf, the bee.m
was larger, but was sharply limited by counter A6' In the'downstream
direction the beam size also increased. Thus, only at the end of the |

decéy path was the beam size likely to exceed the counter aperture.
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D. Changes ih the Experimental Method
Two variations in the normal experirﬁental arrangement
checked-possiblé( systematic bias in the lifetime ratio -measuremeﬁt
One ovf-thesve‘ fnod;fiéations was to rerﬁ0ve CM physically from the
beam. This change could reveal‘systemati‘c bias from the scatteriAr.lgb
of pioné in the radiator of Cyp or from the presence in the rnonitor: of -

particles cher thén pions. The result of that measurement was
T(&r"L)/m(w') = 0.99961 % 0.00071,

where the error is statistical. Unfortunately, Xz/d was 1.4 for the
lifetimé; ratio fit, énd the real uncertainty in the result wés .prqbs.abl-y

" at least 0.001.

| A second and more drasfic modification of the e“xperimehtal :

. method was to feplace the movablé 'Cérenkov couni:ef with another

type of pion aetecfor shown schematically iﬁ Fig. 5. This detector
selected pions by their stro;’xg‘ interactions in an,aluminunﬁ b.l.ovck. -
Thé scintillation counter R identified pafficles entering the absorber.
About 20% Qf.the beam p'ion.s.stopped' in the aluminum, while elec-
trons and muons cbntinﬁed through and were vetoed by the large scin-
tillator AR The absorber was considerably thinner than tihe range
of any of the beam particles', and the oﬁly pions that stopped in the block
(or weré scattered at wide enough angles not to count in AR) did so be-
cause of their strong interactions. The greatest disadvantagé was the
~ low efficiency of t'h'e absorption device, approximately 20% of the CD_

vefficiency, which meant that runs had to be five times as 1on'g as those
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with C -'to achieve the same »stati‘stivca'l accuracy.

Several systematlc checks were made of the performance of the :

absorptwn deteetor cbefére it was: | used to measure the lifetime ratlo
The efficien_cies for »counting electrons and beam.muons were'contin-
uously rnonitoted; and*vuere about 5;’/'0 and 0.08% respectively. Count-
ing of the .slow decay muons emitted backwards in the pion rest frame
was cdhecked by lowe ring the bearn momentum until beam muon's'had,
B = 0.92 and counted in CM, maklng the M c01nc1dence a muon mon-
itor These muons, degraded so that thelr veloc1ty vtras that of back-
ard decay muons, counted in the absorptlon dev1ce w1th only 0.4%
efficienc‘y.
One disturbing feature of the"'detector’s perfofniance was that
“the effjici'ency for counting 7 was 2()% :Iarger than,that for counting nt
This difference arose because - reactions could produce neutral final

states which would not be vetoed by A'R, while m' reaction products o

‘could never be neutral. In addition, xz/d for the absolute 1ifetime fit

was about 1:5 with most of the contribution coming from the ce_ntral
data p051t10ns where the beam was smallest The effect was ‘consistent
with a hlgher veto1ng eff1c1ency for the smaller beam, show1ng that a |
considerable fraction of the ''stopping'' pions actually were scattered at
large angles, miseing AR.
These diff,ic.'xjhiiee seemed to be tile samer for .Tr+ a.nd T, andh

there was no reason to doubt the validity of the lifetime comparison.

The result of that analysis was

7 (n")/T(n7) = 1.0006+0.0011,
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' where the uncertainty is'pt.lrely statistical. The fit involved 106

ot o g'ro-'up'.s at six different positions along the decay path and gave
v xz/d- = 0.90.  Both this absbrption—devic'e measurement and the CD

M

- of possible systematic bias. The results were not used in the calcula-

measurement with C, moved out of the beam were regarded as tests

tion of the final quoted lifetime ratio.

IV. DATA ANALYSIS

~A. Lifetime-Ratio Calculation
The lifetime ratio and absolute lifetime were dete rmined from
vth‘e ratio of M and D coincidences measured as a function of x, the dis-

tance from the start of the decay path. If the efficiency of the movable

counter is independent of x, the ratio of theée coincidences obeys
R = D/M = A exp (-Bx). - (1)

.The parameter B is the .inv_erse of the mean decay lengt.};‘l:‘ B = 1/McT,
where T is the lifetime in thev rest frame and n = B(1 - 52)_1/2. The
~ parameter A can be interpreted és the fraction of pions in the beam at
D for .detecting pions;
neither of these factors has to be known. "Taking the logarithm of Eq.

the start of the decay path times the efficiency of C

(1) and subtracting the equations for each sign of pion, one finds
ﬁn(R,_'_/R_) = Zn(A+/A_) - (B+- B )x. A linear, least-squares fit of the
quantities ,Zn(R+/R’_) as a function of x determines the lifetime differ-

ence since

T -7 n, -1
T + a1
B+-B_~( p- + - )nc'r'
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Thé efficiéncy of CD for 'a:éch sign of p.'ion is not requirea~—the life- |
time difference ‘depends on the slope of the fitted curve, not its inter-
cept. The ef.ficiencie‘s do not even have to remain constant--the cal;
culation assumes only' that thé ratio of the 1r+uand n” efficiencies is
constant. o

The ratio did change slightly with distance along the decay
path. The effect was the result of the dependence of CD efficiency on
thei lateral position'of the beam and the separation of the positive and
negative beafns which gradually increased with .distance.. It was pos-
sible to make a correction for the effect using measurements of the
separation of the two beams and the change in effi;iepcy as CD was
- moved across the beam. o

Our value c')f-the lifetime ratio is calculated frorﬁ three runs
that were not seriously affe;:ted by known systematic'érrérs. No data
were omitte:d from any of these runs, and XZ for each fit was consis-
tent with statistical fluctuations. These thrée runs used liquid deute-
‘rium as the ‘Cerenkov medium. Two other runs with deuterium (one
without CM- and one for which xz/d = 1.7 because of photomultiplier
gain changes) were not used in the calculation.

Table III summarizes the data used in the weighted average.

The relative lifetime differences labeled '"'raw data'' involve no correc-

tions, and the uncertainties are purely statistical. The last entry gives

- the lifetime differences including a correction for the lateral variation
of the CD efficiency. Only one of the runs involved a significant cor-
rection for the effect. In all three runs, however, the limited preci-

sion of the measurements of the efficiency variation contributed
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uncertainty itl the calculated ratio. | The uncertainty of the "corrected"
lifetime .ciifferenees is a combination of (1) statistical error, multi-
plied by ()(Z/d) 1/2 to_ account for the fact that ‘fluctuations were slightly.
larger than expected on the bas1s of statistics alone, (2) a 0. 03,0 up-
per hmlt to a pos sible momentum difference between the pos1t1ve and
negative beams, and (3) the uncertainty of the correction for the lat-
eral efficiency variatien (the entry in Teble III labeled "'1at'. slope
un'eert "'j. | |
: r

Our value for the 11fet1me ratlo is the we1ghted averag l of the

three corrected results: v
r(‘ﬁ*)/-r(n') = i.oooss +0.00071.
- An 1nd1cat10n of the self~-consistency of the three results is that
2/d = 0.8 for the avera e. The ratio quoted above differs from that
g quc ‘ _
published in Ref. 2, 1.00064:_&0.0.0069, which used a less accurate es-

timate of the CD efficiency variation correction.

B. Absolute- Lifetim_e Calculation

" The absolute lifetime was determined from one of the‘:runs using
liquid hydrogen in the Cerenkov counters. Because fewer pions inter-
act in hydrogen than in deuteriurn, the effects of nonuniform efficiency
across the central CD phototube and of gain fluctu-e.tions in the tuEe
were smaller with hydrogen than with deuterium. The lifetime mea-
surement required that the counter efficieney for each sign of pion- -
not just the ratio of efficiencies es in the ratio measurement—be con-
stant 'durir‘leg the entire run. In one of the three runs with liquid hy-

drogen the efficiency was especially constant. Measurements were
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mede at t{%/o different times at all sev.eri' data positions; and the re-
sults were 1n good agreement in every case. | |
Because of the rate dependence of the gain of the CD phototubc,
the‘ lifetime could not'be determined from a fit of the dat_a to Eq. (1):.-
The D/M ratios obeyed R = A exp(-Bx)[1 - Cf(x)]. The telrm Cf(x), a
positive, monotoni'ca;l.ly increasing function of x, accounts for the ré_te
depender-lce of the counter efficiency. Because the magnitude of the
rate effect was not known precisely, C could not be spec1f1ed If it
was a free parameter like A and B, however, the data could not de-"
termine the lifetime well. With 1iquid hydrogen as the C-er-enkov
medium, the rate dependencez affected the 1r+ efficiency rriere than the
m . We greatly reduced the uncertainty in the lifetime by making a
single.fit which used both the. Tr+ and ® data and aséurned that 1r+ and

" have the same lifetime. - The D/M ratio for = was expressed as

1

R = A_ exp(-Bx)[1 -Cf(x)] - @

+ -
and for ™ as

B

R.+_ A, exp(-B x)fi - rCf(x)) ; :' | (3)

A single, least- squeres fit to Eqs. (2) and (3) determined the four free
parameters A_, A, B, and C; parameter B is related to the 1'ifetirn'e‘in
the same way as in Eq. (1). If the rate dependence were ignored by making

‘separate fits of the nt and v~ data to Eq. (1), the resulting lifetimes would

AAAAA

be shorter by 0.13 and 0:/05 nsec, respectively.

The constant r is ‘the ratio of the relative changes in at and

1~ efficiences for a given change in rate. Its value, 2.4, was deduced

from the pﬁlse—height spectra shown in Fig. 4. The efficiency
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of the counter was proportional to the integral of the spectrum for
pions sat"isfying the D coincidence (counting in.the monitor and pro-—v
ducing a pulée 1n CD above the discrimination level). A decrease in

gain corresponded to an increase in discrimination level and a smaller

value for the integral. As can be seen in the figure, for a given in-

crease in discrin&;ination level,the relative change in nt efficiency was
greater than that for m~ . The above expressions-assume the relative -

change in gain varied with distance as f(x). The form 1 - exp(-Bx)

‘was used, because the change in D/M from its value at x = 0 had this
'behavior.u ~The form used for f(x) was not critical because the rate

varied by only a factor of two over the decay path and the effect of the

Qa,riati_on was small. If f(x) = x ‘was used instead, the calculated life-
time bchanged by a negligible amount.
. The only other important systematic error besides the rate ef-

fect was the .counting of decay muons in CD. Note that if a constant

fraction of the CD counts were due to decay rhuo_ns there would be no

error in the lifetime: The fitted values of Ai would changé, but not B.
The number of pions which decayed a given distance upstream of the,

counter was proportional to the number of pions at that point. Thus,

the fraction of counts due to muons would have been constant except

for two factors. First, because of the finite distance between the
monitor counters and the decay path, at upstream data positions fewer

distant pion decays could send muons into CD-. Secondly, at upstream

- positions the anticoincidence counters were more effective in vetoing

muons that entered CD and could have counted. The variation along

the'de-cay path of the ratio of muons to pions entering"CD was
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célculated from kinematics and counfer geometry. The correction
for deCan ‘rr.lubnsf reduced the calculated 1ifetimé by 0.63 nsec.

' A;:cidehtal c:oincide»nces weré nét ’significant in the measure-
merﬁ: of fhé lifgt‘ime ratio or the absolute lifetime. The largest acci-
dental rate was only 0.1% . Because the raie of accidental D or M

‘coincidences was proportional to the true coincidgncé rate, D/M
changed by some constant factor. As in the case of decay—xﬁuon
 counting, such a change aoes not affect the lifetime. |

'The-_ D/M values f'orv'-. each scaler readout were corrected :f'or -
decay muons and then fit to Eq. .(2) or Eq. (3). After omitting data
from DP7land two individual pointé withvunreasonvab'ly large ae\}iations,

there vvre-n_lained 331 .points (a total of 1305( 10 6_ M coincidences). The
fit had a j(z.of 316. ’i‘he fin.al result is 7 = 26.(.)2}:_0;04 nsec. Thé
statistical.e-rrc;‘r \;s/as 0.031 h»s.ec; systematic uﬁce‘rtainties in the ve-;'
locity and in the corrécﬁon fdr decay muons gave errors in T of 0.023

and 0.015 nsec, réspectively.

V. .CéNCLUSIONS

Table IV si;mrnarizes the most accurate recent detefn_nina(tions
of the 1r+ - lifetirné ratio and of the lifetimé itself. bur value for
the ratio is the most precise and is consis_tent with’ oth‘er mea'sure-f :
ments. It is in agreement with the prediction of the CP'f theorem or -
CP invariance. We conclude that_ earlief indications of a ratio differ-
ent from unity are not significant. |

If the strong interaction is invariant under CPT, then a par-

ticle and its antiparticle will have equal masses. Similé_rly, equality
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of charges and gyromaghetic ratios checks CPT invariance of the elec-
t-romagnétié interaction, and equality of lifetimes tests the decay inter—
‘actio'n_ (usually weak). Sc;‘me recent éxperimenﬁal tests of these pre-
dicted eciualities ’ar;a summarized in IT;a.ble VT The vari(_)usv'té_sts of
CPT i’nvarian_ée a’re‘not_ equiv.a.lent, ‘and their “rel_lativ_e effectiveness
.depends upon ’thé"vA/ay 1n Which EPT is broken. For example, Wolfen-
‘stein has shéwn that if ’ci;e CPT-violating interaction conserves strange-
ness, the vK'iO» - KZO .maSS difference is the most effective test, pro-
vided. either C (ana not Tor P) or T {(and not C o.r P) is also ‘violated:
The 'rr+-v1T- lifetime difference ié most eff.ectivebif P(and‘not C orvT)' 1s
violated. 11 | |
Ou_r measurement of the lifetime of pions in flight is in gvoc.>d agree- -
”rnenf wifh _the two -accur'ate measuréments' on'sf.Opping pions (the W-iiliam
and Ma;y‘l_and sécdn& R‘och.ester t_axperiments in Téble I1V). The ex-
' peétetd time dilétion of the obsve'rved‘lifetime agrees with the predicted
j’lvaiﬁe_ to 0.4% and provides the mést _prefise verification of this asi;ect ‘
| - of spec‘ialv’relativity. In the‘theory‘ of Lundbérg and Rédei a deviatioﬁ
from the'expécted velocity deprend.enc'e of the l‘ifetim‘e measvured'in the
‘laborétorly system is interpreted as a violation of microcaﬁsality for
distance\s lesé»than‘some fundameﬁtal length. Iﬁ their model the ob-
served lifetime haé the form y’r'[. 1+ (ap/ﬁ)Z/S] ) where 7 is thé proper
1ifeti.rne,_ p is the pion momentum, and « is the fundamep.t‘al' leﬁgth.
Our value of the iifétime for pions in flight and the William and Mary »
measurement with stopping ‘pions place an upper limit on a of 3X 10-15 |

cm.
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T;\;ble .]_L.v Some of the coincidences scaled during data "

- taking.
_Coincidence® Significance
M1M2M3M4K1 =B beam part.ic1e>s |
'BZA particles in B c()incidence'passing
through holes in A2 to A6

BZA Ke =T ‘particles in BXA which are not
L electrons

TC Mo M pion monitor

M CD—D =D ' surviving piogs'

BEZA Aé_ ES beam electrons

vBZ—K'Ae_'CDKD =X electrons counted by CD.

T. CM =L beam muons |

T EMCDKD =V '. beam muons counted by CD

T CDA—-D D coincidence without CMKM
DM5 D coincidence with Mg

%A bar over a symbol means anticoincidence. TA= KZK A KX XK

3774775706
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‘Table II. w' - u” comparisons of n = B(1-p

2)- 1/2
and'of the momentum p. o

(11+ - 'r]_)/n from momentum-response curves

(-1&2) X 10-4 "hydrogen in .CM

(-2%2) x 10°% hydrogen in CD

(2+4)x 10°*

(-2+1) X 10-4 deuterium in CD; measured d\iring data runs
(-2£1)% 1074

(-4+1) X 1074 deuterium in Cpi Gy out of beam

(n+ - n_)/n measured by time of flight

(-1£3) x 1074

(p, - p_)/p} measured with magnetic spectrometer

(1£4) x 1074
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Table III. Data used in the ..wei_ghted average for the lifetime. ratio.

Run ‘N_o. points '('r+-'-.'r__v)/'r 'X,Z/d j" Lat. slope ('r+-'1'_)/
f1tte§ . (raw data) 'foij fit uncert.  (corrected)
(1073 (ot (1073)
1 . 78 - 2.45+1.40 ~ 104 . 0.33  2.16*1.50.
2 - 88 -0.11£0.86  1.09 0.28 -0.11%0.99

3 62 0.48%1.18  1.18 0.41 ~  0.48%14.39
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Table IV. Recent measurements of the charged pion lifetime

and the = /m lifetime ratio.

Experiment o (ns‘reé) ' 'T("r'r+)'/ T(n~ ) |
William and Mary (1965)% 26.02+0.04 -
Rochester 1 v(1966)b - 26.40+£0.08 ———
Rochester II (1967)° . 26.04+0.05 -
Serpukhov (1966)d . 25.9 £0.3 --- _
Columbia (1966)€ 25.6 0.3  1.004 20.007
Rochester- Brookhaven (1966) 26.67£0.24  1.0023 *0.0040
Dubna (1968)% - 0 24.8 £0.4 . 0.9986 30.0029
Berkeley-Santa Barbara I (1967)" ~ 26.6 £0.2  1.0056 0.0028 .

Berkeley-Santa Barbara II (1968) 26.02+£0.04 1.00055+0.00071

[

M. Eckhause, R. J. Harris, Jr., W. B. Shuler, R. T. Siegel,
and R. E. Welsh, Phys. Letters 49, 348 (1965). ~ The value
quoted above differs from the published value in accordance with
a communicé.tionto\,A. H. Rosenfeld.

K. F. Kinsey, F. Lobkowicz, and M. E. Nordberg, Jr., Phys.
Rev. 144, 1132 (1966). ' . :

M. E. Nordberg Jr., F. Lobkowicz, and R. L. Burman, Phys.
Letters 24B, 594 (1967). This result supersedes that of the earlie_r
experiment. : : : o ' i

A. F. Dunaitsev, V. M. Kutyin, Yu. D. Prokoshkin, E. A.
Rasuvaev, and Yu. N. Simonov, Phys. Letters 23, 283 (1966).

See Ref. 5.

See Ref. 6.
V. I. Petrukhin, V. I. Rykalin, D. M. Khazins, and Z. Cisek,
Comparison of the Life-Times of the Charged Pions, Joint Institute

for Nuclear Research, Dubna,#&SSR, Report JINR-P1-3862 (1968);
submitted to Yad. Fiz. [Sov. J. Nucl. Phys.]. :

See Ref. 7.

This experiment.

|
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Table V. Experiméntal checks of CPT invariance.

Quantity measured Result Footnote

Equality of Masses

mrt)/ mrT) {1.-.000270.0004 a
| : 1.0002£0.0005 - b
m(p)/m(p) - 1.008 +0.005 <
m(e”)/m(e") ' 1.000101£0.000185 d
1 - m{R%/m(k% < 2><1'0"16 | : e
. B Equahty of Gyromagnetic Ratios _
1/2(g o g ) (1.5 £2)a’ /n° ot
1/2(g 4 ge ) ' (-0.09%0.14) & /1\'2 . g
S | =
o " Equality of Total Lifetimes
W/ ) ©1.00040.001 . 'h
HKH/7K) - 0.99910£0.00078 o i
Ta)/T(x7) - 1.00055%0,00071 _, b
See Ref. 10..

This experiment.

V. T. Cocconi, T. Fazzini,. G. Fidecaro, M. Legros, N. H.
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FIGURE CAPTIONS

Fig. 1. Beam layout. EPB: 732- MeV external proton beam of the :
184-inch cyclotron. SIC: Spht ion chamber SEM: secondary-
emission monitor. . NMR probes: nuclear—megnetic-—resonance

probes. M1 to M: 0.07-in. ~thick scintillation counters. A,
6

“counter. CM and CD:,focusing Cerenkov counters.

Fig. 2. Monitor Ceren.kov counter CM

Fig. 3. Movable Cerenkov counter C (side view). This counter is

to A.: scintillation anticoincidence counters. Ae: electron veto

(plan view).

basmally a larger version of CM-
Fig. 4. Pulse height distributions for the central photomultlpher of
C when the counter wa's fllled w1th 11qu1d hydrogen For each

sign of pion the sohd curve is the spectrum for those Cpy pulses

in coincidence with a count in the monitor and above the Cp dis-

crimination level. The vdot’ced-lines show the spectrum obtained
if the second requirement is omitted. ‘The two distributions are

normahzed to the same number of ‘monitor counts

Fig. 5. Schematlc diagram of the absorptmn detec_tor The absorber_

was a 2.8-in. -thick block of eluminum.
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