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ABSTRACT
The measured ranges of negative muons ére ~0.2% gr.eat'er
. than those of positive muons of the same initial momenta in the inter-
val 500-1500 MeV/c. _ This necessitates a correction to published

values for the CP-violating charge asymmetry in K° p3 decays.

*Work done under the auspices of the U. S. Atomic Energy
Commission.

TPresent address: Enrico Fermi Institute of Physics, Chicago,
Illinois. '

Mpresent address: High Energy Phys1cs Instltute, Serpukhov,
Moscow District, USSR.
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Particlé range meﬁsurenﬁent is a téchniq'ue .frequently ﬁsed in
high-energy'vphy.rsics. The vmost obvious applicafion is in the deter- -
mination c.>.f' momehturﬁ by the i;se‘of range‘-rvnoment‘um tables. ~This
technique has been rece‘x.ltly used to a preéision of £0.2% [1]. An al-
ternative ﬁﬂse is in conjunction with an independent momentum mea-
surement as a means of cleanly segregatlng part1c1es of different
masses. A very important class of exper1men’cs makes 1mp11c11: use
of rahgév to f1x a lower bound on muon momentum while depletmg by
huélé’df infeféction an accompanying hadron background. The exper-
iments de scrlbed in the 11terature wh1ch have measured the small
CP violating charge asymmetry of the KL p3 decays made use of this
last tcchmque and were clearly vulnerable to a charge sign depen-
der“1‘c'e' of the r'#nge ‘energy relation. The measurement '6fv this effect

is the subject of this report. |

o Thefe have been very few expefirﬁental tests of the range-
mome ntum relatiohship fer initial velocities higher than B =%’ =0.4[2].
.Te sts of e.né'rgy’ loss in thin samples have been made with typical pré—
c.i.si:on of a few percent up to very high énergies, [3] largely to examine
the sétﬁi‘ation of the relativistic rise in energy lbss. No comparisbn,
of the energy losses of fast posrtlve and negat1ve part1c1es has been
made with precision better than ~ 1% [4]. It should be pointed out that
a differencev haé beeh’ observed at \;ery iow velocities < 0.15[5] using
positive and negative pionsv étopping in nuclear emulsion. From the
observed rates of energy loss the fangg.' differ_ence R_- R+) was cal-

culated. It appeared to increase with initial velocity, but reached an
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asymptotic value of +6 microné for B >0.15, an effect much smaller
than that reported here.
The rate of energy loss for a singly charged particle is nor-

mally.éxpressed by the Bethe- Bloch formula [6, 7, 8]
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where | E is.;fhe 'energy of the particlé,. p its momentum, -and. p its
mass. For the sfopping material, p. is thé density, x the thickness
(in ém), n the'nurnbér of élecfrons per cm3. Parameters of the
electrons are e the charéé, 'm the mass, and W the maximum ki-
netié energy transferrable to it by the passing parﬁcle., The sym.bol
I represents the m'e'ax.l' exéitétiori energy of the medium,. obtained by
e.ne'rgﬂy loés or ran.gél measuremen‘c experiments, ’Sbis the density ef-
fve>c1: correction [7] and U repre sents the electronic: shelll effect cor-
fections [8]. | |
| ’Accordihg tc>..fhe formula, energy loss is independent of the
sign> of the charge of fhe slowing particle. A test of this aspect has -
been made with apparatus de svigned to search for the rare de cay mode
‘KOL - p.ﬂf [9]. A defailed de scriptibn of the equipnien"c has been
Agi'ven e'lsewhe,rev [10]. A plah view is shown in fig. ‘14, ‘which illus-
trates the two wire spark éhamber spectrometers syrnmetricéily
placed about a neutral beam derived frdm. the ﬁevatfon external pro-
- ton beam. The high resolution spectrometers were designed to detect

the secondaries from charged two-body K(Lde'ca.y's of transverse
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momenttlm 119.0-'25‘0' MeV/c‘ 'l"he secondari‘es we‘r‘.e deflected, one in -
e1ther arm of the apparatus, roughly parallel to the beam Hodo—
scopes F, R and H were placed to tr1gger the spark chambers on such
events._ | | |

Pa'rticle identil'ication wa's”a'ccomplished by means.o.f freon 12-
filled Cerenkov counters wh1ch dete cted electrons and range tele scopes-
..Whlch separated muons from plons An elevatlon view of one of the two
s1mﬂar telescopes is shown in f1g 2 The cross-se'ct;onal d1mens10ns
were 420 cm >( 120 cm. "An 1n1t1al thlckness of 43 ¢g cm-z oflead and
160 g cn"1-2 of graph1te was followed by 17 sc1nt111ators of 2.0 g cm -2
separated by varymg nu:nbers of steel plates each 20. 0 g cm : thlck
" On average the range 1nterva1 between sc1nt1llators corresponded to a
" 7% change in muon momentum.
In addition to K‘L* ntn" decays which were used to normalize
-the kaon flux and to cal1brate the spectrometers, _large m_xrnbers of
K‘L - -p,v'n'*v de cays were recorded. vIt is from the latter that the djata
used in this study were taken. ‘ The momentum spectrum of mn:ons :
_entering the range detector_ lay between 500 MeV/c and 71_500'MeV/vc.v‘
Since the direction of the ﬁeld'in the magnets was regularly reversed
part1c1es of both s1gns were re corded on both s1des of the apparatus
" . Thus, de Splte the fact that the two range telescopes were not q'u1te ' |
3 ,1dent1cal in thickne ss, it was pos 51ble to measure dlrectly a.d1ffer"ence
between the ranges. of p. and p. |

Although a range d1fference was v1s1ble in the data after the

first analysis, which _made use of an effectwe 'length parame,temzatwn'
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of the maghets, a more detailed recbnstrﬁction has been made for a
large sample of the events. This made use of steb by step integration
of the pion ahd muon frajectbries through the magn"etic“field's. Small
systematic errors ( £0.1%) in the spectrometef field Calibrations'_were
inv? stigatedv by making ‘uSé of the kaon rhass and direction consfraints
froin the_ 1{-4* wtm” 'eventé. A small discrépé.ncy rémaihed( between the
mean KI(: directions f_or the two sets of data_. with 6ppos.xite‘ magnet polar-
ity, and its effect is discussed below. rThe invariant mass resolution
. of £1.0 MeV/c2 cofresponded to a momentum resolution of :t0.43%v
(standard deviation).

The fanges wére analyzed most cbnveniently by considering the
mome ntum diétribuﬁor; of particles istoppi_ng in a given range i.nterval
betweeﬁ counters (fig. 3). A high i_n'o.me_nturh tail in the dis.tribution is
caused by pionslwhic:h have ei1.::he'r de cayed in flight or éurvived nuclear
interaction. A range cut'imp;ose»d at é,bdut 4 standard deviations from
the peak limited the pion contamination to about 10% of fhe events.

- The dibstribution of pions under the muon 'péak was inve stigated with

the K(Le3 events identified by means of the Cerenkov counters. The
measured momenturnv—vdevpendent charge ,as.ymrn'ev,try‘ of the pion back-
ground required a corréction té the fractional range difference of the
r‘nuons_ovf typically‘ (-0.025 % 0.005)%.

The p.+' - &~ momentum difference ﬁpi was determined for each.
range interval in either spe ctrometer by taking the difference of the

mean values of the momentum distribution for the two signs of charge.

The average’ value of 6p1/p from these individual results is 0.28%.
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The tWo sides 'caleulated separately show a difference of 0.067% where
0.045% 1is eXpe cted from the apparent change of the KL direction with
magnet polarity reversal and the statlstwal uncertalnty on each side

is 0.036%. This systematic shift is canceled by.averaging the values

of 6pi of the two sides since it cerresponds to e'qua..l and opposite er-

rors on left and right.
" The contribution to the apparent fractional range difference

from y-ray or neutron emission from the nuclear capture of a p~ has

‘been estimated to be < 0.005% and can be ignored..' " On the other hand,

the photon emission:that accompanies the des_cent ef the p~ through v' the.
energy levels of the muonic atom had a considerably larger effect.
Essentially 'a-ll -the u~ stopping in iron were associated with an erey
of 1.3, 1.5 or 4. 7 MeV from th1s procels

To help evaluate this effect the re sponse of the range telescope
counters to 1ow energy electrons was measured. A B-ray Spectrometer
was constructed to de 11ver an almost monochromat1c beam w1th a range
of energ1e's selected by thin aluminum degraders. The energy scale

was calibrated with a total absorption counter. A sample of eight of

‘the counters frem the experiment were tested with this beam and their

efficiency c'ontoﬁrs were mapped fer the energy loss range of interest.
The results of the measﬁfments showed that the counters were suffi-
ciently alike to allow a confident extrapolation to the complete set.

A nunlerical_caiculation Qas made using the Klein-Nishina

formula [11] of thev transmission through the iron of X-rays from

muons stopped in the plates, and of the subsequent release of energy
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in the scintillator by the same Coﬁipton scattering process. Informa-
tion from this was folded wifh the efficiency mip of the counters and
the’diétribution of the stopping r'nuonsv ‘to estimate for each counfer the
fracti_oﬁ of u whose apparent range was gre.ater than the real range by
one counter. The éffect of thié correction was to reduce the mean |
fractional ra;nge difference By (0.084 5:»0.008)%.

’ The“ﬁpi value for e‘ach of the counters wé.-s corrected individ-
ually. The corrected differences, averaged between the two sides, are
plotted as the experimental points in ‘fig. 4A. The statistical uncer-
fainties from the <‘3pi meaéurements, thich are dominant, havé been
added in quadrature to the p.ncertainties from the systematic correc-
tions to give the errors shown in the figure. The firvst and last counters
of the range telescopes have been ignored vbe'vcause' of low statistics.

These 6p¥ values have been combined in three groups according
to'their ranges. | In each grodp a weighted mean of the fra;ctional mo;-
mentufndifferencés was evaluated and converted into a fractional range
diffe.rence. The systematic errors, about 30% of the size of the statis-
tical uncertainties, héve Vagain been included in quadrature.  These re-
sults are shown in fig. 4B.

. The weighted mean over all the moménturri spectrum is
(R_f R+)/R = (2.28 :::0.20)><1(_)"3 at the‘average mome ntum of 800 MeV/c.
| A mechanism for such a range difference was apparently first
considered by Fermi [12], but has been only briefly mentioned in fhe
literature [13] apart from a l;ecent’ treatmeﬁt by Jackson and McCarthy

[14]. By applying an expansion of the Mott scatf(:ring formula to include
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terms in e6, a dif'fe_rence in the scattering cross-section for e and

| p,+e- was obtained. This results from i_nterference befween amplitudes
for one and two phbton exchange. On integfétion to obtain an expres-

" sion for the rate of'gnergy loss, a term (o B).for p,i (@ is the fine
struétﬁre co‘n_stant)' éppeé,rs inside the bracket of eq. (1). The correc-
tion is vavlso applicable to other particles slowing in maferial, and is
estimated to represent the sign dépqhdent ehergy loss difference with
an'aééuracy of a few pe'rcent in the energy range of interest here. A °
éeparate me chanism probabiy responsible for the low-energy range
disc.l"epa.r‘ic'y‘v[S]n has also bvecnvevo.luated ['14] , but is insignificant at
the"ener.'gi‘e's of this rexpe'riment.. The caléulation"s of Jackson and
McCarthy for lead, ‘iron and ‘carbon are shownas theof_etical curves
in fig. 4B.

A more r_igbrou's comp_ar_ison‘vs}'ith_the thedry was performed
by usin'g‘ a comiputer program which made use of the Bethe- Bloch for-
mula (.'1) with the above correction. This simuléted the passage of
muons thi‘ough all the layers of mate.rial in the apparatu.s behind the
spectrométer sPark chambers. The reéulf of this program for each
of the range counters is shown in fig.‘ 4A as the theoretical poinfs,
which when compared with experiment give a value of XZ = 7.2 for 14
degrees of freedom. This is better'_agreement than is statistiéally
likel'y.: We believe the vnon-gaussian tails of the muon momentum dis-

~ tributions may have caused an overestimate of the statistic‘al.erfors

on the 6pi values and so an underestima& of XZ. We take it as an in-

dication that the errors are conservative.
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A further te-st [15] of the systematic reliability of the measure-
ﬁent was afforded by direct comparison of the observéd range -mome ntum
relation with that predicted by the Bethe-Bloch formula. To do this it
was necessary to simulate the effe ct of the muon mor;’lenturn spe ctrum in
the series of stopping regions, allowing for momehtum resolution and.

- the expected range vstr_aggling. |

The energy-loss stepéing program included K and L shell correc-
tions [8], the density effect which contributed a 5% correction to ’ché long-
est ranges, and the effect of multiple scattering. .

The range data :w;ere well represented by the ‘predict_ior'xs of the
Bethe-»Bloch formula within #0.3% for fitted values of_I =79+7 eV for
graphite and._I =287%x13 eV for irén. The largest corﬁ:ribution to the ﬁn-
certainties came 'fr‘om density and thickness measurements on the mate-
rials. Forvcomp'arison, an average of I=83 :l:"3vevV has been suggested
for carbon [16], while a value of I=286 has been recommended for iron
[17], although it seems not to have been measured before at high energy
where the shell and multiple séat_téring corréctidns are not important.
The best fit values of the straggling widths are a factor of 1.0750.03
greater than predicte>d. This discrepancy is partially caused by non-
gaussian straggling and is not considered to be signiﬁcant.

The corrections to the K}:Ip,3 charge asymmetry. experiments de —.
pend on a knowledge of the muon spectrum, and this can introduce an
addéd uncertainty. Fo‘r the SLAC experiment [18] the effect of the range
difference correction is to change the asymmetry parameter 6;; from
0.49+0.16% to 6“:0.5810.17% according to ref. 19. A recent Bev-

atron experiment with a steeper muon spectrum experiences a larger
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effect; the experimenters calculate tl;_e chaﬁge to be from 6p= 0.21+0.410%
to 5'#:'0.60&0.14,%[20] . These asymmetry values are consistent with
each other but are significantly larger -than the published asymmetry
measure?nents in KoL e3 decays ;ve_raging 6e=0.323:i:0.029% [21], and

a recent preliminary result 6= 0.278+0.028%[22]. The éle-ctron data
are in good agreement with the v;lue 58? 6M: 0.28 from thg éuperQ'weak
theory of CP violation and the AS = AQ rule. By the same token the

K‘L p3 data now appear to be in disagreement with this theory.

We wish to thank R. J. Budnitz and R. L. McCarthy, and
separa’;ely J. D. Jacksovn and R. L. McCarthy for permission to quote
their results before publication. We also wish to acknowledge the ef-
forts of the Beyatroﬁ staff and our technicians in the collection of these

-data.
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FIGURE CAPTIONS

Fig. 1. Plan view of appafatus'; - F and R are banks of vertical
hqdoscope counters, ‘H is a six counter horizontal array and
T is a fast tinﬁng counter.

Fig 2 Eigvation view of Cereﬁkov counter and range tel_escope.

Fig. 3. Incident momentum distributiqn of poéitive and negative
particles stopping in range i.ntervv_al 11 of the left tele scope.

‘Fig. 4(a). Difference in incident momenta of positive and negative
muons for ragge intervals 2 to 16 (left and right sides avéraged).
The theoretical ca‘lcﬁlations are deséribed in the text.

Fig. 4(b). Fractional range differences of negative and positive muons

| for three subsets of the range interv;ls compared with the com-

putations of Jackson and McCarthy.
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