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RESOWTIO~ OF THE r.* •MA.SS · ANOMALY 

Lawrence Radiation Laboratory 
University of California 

Berkeley, Ce.11fol"'nia. · 

The masses of the charged i.hyperons and the If" meson are 

determined most accurately from range tneO.Suremente in emulsi9n Ol!l the 

~· 0 + "i· ;products of the t'ollOW1ng processes:. .l) l.: ..,. p + n 1 :2) .E ...... n + 1t , 

) - .+ . ... / ) ... . . ' .. + 3 K + p -t .E + ;r j ·ana. 4 K + p ~ .E + 1t • 

1-rere determined, but not overdetemined, .. from the ranges of the charged 
. . . + . 
baryons alone. The 2: ~as was found from the proton r'a.nge in reaction 

( l) • The I( mass was detem1ned frOm tl~ . t:. + range in rea~t1o~ ( j ) , am 
. .. + : . . . + .. · . . 

the I: .. z mass differe·nce was deduced from the :t - >::: ra.nge difference 

in· reactions ( 3) and ( 4 ) • For .such measurements, events are used in t.ffl.ich 

+ . . . 
the z decays a.t rest and. in wl.ucb. the !<". is captured by a free proton 

after it comes to :teat. 

In 1959 ... 1960 ~Te began measurements. ot the pion ranges mth a dUilJ. 

purpose: to confirm the measurements by overdetennining the tntil.ssea, and 

to study further tr.e high .. velocity range•energy relation in emulsion. We 

soon found1 . that ·there was an appax"ent lack of moment'UI!l balance in ree.etion 

( 4 ) , a.l thoUgh the other reactions seemed to balance sa ti sfa.ct.orily. 

l~e have· :recently carried out ·new measurements in a. large emul.s:ton 

stack. The re.sul te are practically iden·tical With those reported previously, 

am ue cannot doubt no1-r that a real effect eX:ists •
1 

' 2
' 3 In this letter t-re 

present our data, end propose that a. ne\J' physical effect is the reason tor 

the measurement contradictions. We suggest. that slqw ~· ~ns lose 

energ _ _!t.~ ~o:t~. ~ than ~ l£Si tiv! .I&.:ticles 2! the !_ame vel~qit)L. 
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This means that the eXisting range~nergy (RE) rela.t1on1 tt-,5 'which 1s. ··. 

baaed on pos1 ti ve particle rqes i ·w111 not gi"(fe eone·ct values for 

quantities derived from the rt range 1.n (4). We are 'led. to this con• 

elusion a.fter re~ect1ng several eJ.te:rnl:;.tive possibilities, ~nope of. 
Which could. be made at aU compatibl¢ Vi th our understanding of the 

measurement errore. 
' 

Table I. 

P.rocese 

l. + rP l: -i p + 

+ + 2. E -.n + 1t 

+ ... 
3· K+p -t E + 1t 

4. K+p...,. '£ ... + + 1t 

== : ::;: 

144 p 

48 + 
fi 

40 r.+ 

24 
... 

1t 

94.r."" 
63 

+ 
ft 

1.677 :!:2(J 

92-74±0.34mm 

818.8 ±1·7~ 
88. 58zO. 5lmm 

7o8·'9 ±l·51J. 
78.45±0.25mm 

Number ot 
emulsion stacks 

.. ueed 

'5 

6 

3 

6 

3 

=: - >lzl :± =~= -' ~,b t• -=- -: ·: . .-: £! -,_··===·t-

The standard deviation of each range is in close ~eement Witb Bohr's 

stra.gg11ng theory except in the case of tb.e t. .. , W'nere theory pt'sdicts 

lO!J, and we observe 151J.· 

With an au'tomated coordinate re!3dou.t microaco~. SOtne· ranges were also 

measured graphically by plotting the grid. coordinates (a lmm grid 1$ 

photographed on each pelliele) .of tlle pi·on tracl<. The tv10 methods ()f' 
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measured in accord 1-11 th our previously e.atabliahed6 standards. The 

data from a.l.l ata.eks are consistent. By ea.reful measurements, the 

collin~i ty of traei-.s f'rom processes ( 3) and ( 4) e.lso ,fi.\S tested-" 

'I'here is Jl 111 auy case, no possibil.i ty ·Of m1st~Aking K"' ... eapt\U"e by a 

bound proton for one by a. free proton because of' the large difference 

in _Q ... vaJ.~s. 

The low velocity (t3 < 0.28) pOrtion .of the prot.on. R'E relation 

hag been lln.lCh studied, and in connection w.tth the present program, was 

rechecked. There is less empirical. data. on Wh1eh to base the high 

velocity range table needed tor the 1:>1ons • The original table~ 4 ' 6 1rere 

calculated from theory using a mean ex:ci ta.tion potential, I, of 331 eV 

a.tld the snell corrections c-alculated by whl.ek.e7• tater high velocity 
t t ' 

data by &rkas and ~n Friesen8 gave a range of' I values from 304 to 

328 eV 1 and other information c1 ted by them indicated that 13l eV might 

be some\lha.t higr.1.. In the meantime range tables with .more elaborate 

snell corrections a.t a aet·iea of I-va.luea were prepared. 9 These tables 

·· and the meaGnll"ements or Ta.ble I ·.nmt enable .us to improve om- estimate 

of the emulsion I "'va.ll.ie • 

Reaction ( l) USeS only the lJell $B'ta.bliahed pc:n•tion of the 

range .. energy curve. From it we obtain for the mass of the 1.:+ hyi)erotH 

+ . 
U89.36±0.l7 Mev. In order to .o'btain the same .:!: mass from reaction (2) 

as fi'om :reaction (1} t.Je ass'Ume that I is a.n .adjustable parameter. 1'o 

obtain a.s;reement between reactions (l) W'ld (:a) "re lW.St talte I = 319±9 eV. 

We e.lso require momentum balance between the hyperon and pi-on in reac-t~n 

{ 3) • To bring the piori ~n~um into egreement "tori. th thtit deduced ft'om · 

+ the >-:: range and mass., '\ore must chose I c: 329±20 eV. The best es·tima.te 
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is therefore I ~ 321±8 eV. It is notable tht\t raising the Idva.lue 

raises the calculated ma.es from rea.c'(;ion ( 2) and !.~ 1 t in reaction 

( 3). 

In what follows we uae(l the exist:i.ng4'5 HB tables for f1 < 0.28.$ 

and for high velocities use the new table of reference 9 with I = 320 eV. 

They u.gree at p = 0.28. t·le estimate the uncertainty of t.he tabulated 

ranges at high veloc:t.t.ies to be ± 1/2"/;. 

Der:L ved Masses 

We combine the ;;:;+ mass estiw.ate f'rom/:react.ion (2) (l.fuich is 

partially dependent on reaction (l) ) lfith the w.lue from reaction (1) 

,~+ to obtain a best, estimate of the ,_. mass. !t is 1189.35±0.15 MeV. 'l'he 

- + ( K uw.ss is best obtained i"rom the L range 'in process 3). For it we 

find 493.7±0.3 MeV. 

The r.- hyperon mass is now determined from the ,Eiq,l3 ranges of' 

+ reactions ( 3) and ( 4) and the mass o:? the ~~ • \rle find 

M ·- J- 2(M.· + !11,. )(•r ... - ·r . ) 
i:.:- _ D h rc rc"~' 

+ M.•';--.·'-2] 1/2 -~ • ::,... 1197.6±0.5 i'·ieV. 

... 
The error includes the unc~ertainties in the l~' and K- w.-:.sses, and the 

uncertainty in ·the pion difference (T T +). The ~-'" raass is enere;y - .. 
·~ 1t' 1{ -insensitive to the RE relation and to the K mass. 

-This result clla;nges substantially ou..r mass esti!rltl.te f·o1 ... t.he Z 

hyp.=ron and also ti.w.t for the 1:.0 , t·rhich is tied to it. ('Y.n.e net-r value 

for 1P is 1193.2±0.7 £1eV.) I11 a recent tabula·~ion10 of ~rticle masses 

~ footnote reference to the a.no:rooly t.rdS mo.de, buJc t.he 'E.. mass Wci.S tleri '\ted. 

using its mm range in reaction ( l+). 
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:;ne .. ~rJg,;~t.oss Defeat 9f ~t~JtvP§~ 

The moment~ of the pion in 3;"eact1on. ( 4) i.·s 172. 74to. ;38 Mev/ e. 

Were the stopping erose .aeett<ms of posi t:lve ~ negative :part.ieles 

~· . - . -- - . 
equal, a ll byPeron 'With this mb'ltlent'l.lm. and the e.bove mas$ WGW.d. have a. 

rat~ge .of ~51.'. \ole obseJ-ve 7o8. 9tl. 514. 

It ie weU know tha.t stopping theory based. on the first Born 

!ltPPt'OXimt16n fa.1ls when the particle velocity become& ·C0111Pat-able to the 

ve1ooitiea of many of the e1ea'brone in the stopping materiaL It is 

per~ps .not surpriat~ that there shOUld appeea- a. small difi\tllrenee between 

the stoppi:ng eross .sections of positive ana ·J.Wgative .particles in tllie 

region~ ))eeau.se their predicted. equality i's al:~o a 'f']:rst Born approXi­

mation· result, while a. ditterence exists :tn the seeond a.pproxt.mation. 

At htgh ve1ooi t.iea tbia et"fect is not expe\ltad • At intermediate veloci ti~s 

it is inte.resting to note that thiG eff'eot probably is ·the expla.ne.tion 
' 

tor an ~ppe:rent difference between the posi·liiv~ and negative picm ma.aaes, 

wllicb baa remained ,~xple.1.ned to.r many ¥ears11,i2 • lfe know of no 

other :mea.surements tif .suf'fi.eient ac¢Ul"a.cy tor ·tiJle effect to have been 

obsel:'Ved be:fo~. A quanti te:tive estimatioll Of the ef:feat 1s being · 
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