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‘ABSTRACT

The A mass’ Spectrum 1s s’cud1ed in the

2 .
.reactlon ot P~ Azp at’ 7 GeV/c in a hydrogen
_bubb]c (‘hamber in order to 1nvest1gatc pre v1ou%]y
reported strucw.re. we rcport on 1400 A, ¢ evernis

with mass resolutions of 3.8, 6. 7, and 9.2 MeV in
tz0 + ’
the K K°, 3w, and nm channels.

The first evidence for a dip in the A2 meson mass distribution was
reported in a missing mass speétrométer experiment at CERNH]. The
same group. conflvm(,d the AZ Spllttlng in another experiment usn&g a
different apparatuq{Z] In both cases the A2 structurc was adeqaatelv

- described either by a double-pole fovrrnula[BJ or by two interfe r:ng reso-

nances. Subsequently, several o_t,hervexpcrirnents[f»}'l have reported indica-

‘ tions of structure in the szmass distribution.
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We report here on an exper'lr'nent in which the"A2 is produced.inv .

the reaction ._1r+p - A;p and decays via the k'R, ntate, and TI’+T]
modes[S] In all cases, whether the modes are considered separately

or s1multaneously, a Breit-Wigner resonance formula gives an adequate

fit to the data, whereas a two-parameter double-pole formula [3] gives -

poorer.fits' The data are also adequately fit by two coherent resonances
with masses and widths f1xed at the values found by CER\I[Z], when the
amphtudes and‘relatlve phase of thevtwo resonances are allowed to vary
independently for each decay rnod"e; E

Our experxrnent is a 700 000 p1cture (~ 45 events/pnb) exposure of
the SLAC 82-in. hydrogen bubble chamber to an rf- separated at beam[é]
of 7.1 GeV/c. The samples of the three decay modes of the A were ob-

talned in the follow1ng reactlons

. 11' p - K Kip . (424 eventsl (1)
ﬁ+p o 1|-+-rr+1r—p (68000 events') - (2)
-n-+p — v+n+n-11:°p " (50 000 eventS) . | (3)

For reactlon (1) we requlre that the K‘i decays vlslbly in the cham-

ber; these events appear as V-2 prongs. All of the 28000 events of this
topology have been measured and the 15% that fa‘iledbwe re remeasured |
For react1ons (2) and (3) we measured the 245 000 4 prongs for which
the scanner recorded the observatlon of at’ least one hcav11y ionizing
pdsrtrve track| ] This represen_ts 55% of our total sample of 4-prongs

but contains most of our 'AZ events.
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React'io'ns. (1) and (2) afe'highly constrained kiné;hatically:' seven
constraints for (1) and four constraints for ). Thcrc_—: is consequently
relatively l‘vizf‘;_tl‘e ambigdity in éssigning events to definite reactions(§]. -
The preséﬁce of anﬁbigﬁities rveprve:s'e'h_ts a more ser'iou.s'p’foblem for re-
acti(‘)n‘ (3); the treatment of t‘hes-é events is discussed u"nde;r (iii) below.

We now c.ii"s‘c'us_s"éach 'reavction separately:

(i) A;» K+K° ‘Fig. 15. shows fhe K+K‘i ' invariaht mass dist;*ibu-
tion for %he. 424 vexample'sAof rééctiO‘n -(1')~; the AZ signal is vei‘y clear.
+ 4 -

“(ii) A;—» m m m . For the purpose of studying the'A; i_n’reac.tion' (2),

the events with a A++' in either pTr+ masé_ combination were removed|9].

In the three -pion mass distribution of the remaining 25590 events, the

AZ signal appears on the 'high—energy side of a large peak at low three- -

pion mass, ihe A;. To suppress the A, we have further restricted the
sample to events with the invariant four-momentum transfer to the pro-
ton, -;tpp > 0.2 GeV/c '(ﬁg. ib). The A2 signal is very clear and most

of the low-mass peak is absent[10].
' |

I(ii'i) A2 - ’n1r+, For reaction (3) we studied those events in which

'A; - mr+ was followed by mn— 'rr+1'r—1T-°. The (TI'+TI'—1T°) mass di'st'ributi_on

for the one-constraint fit 1T+p‘—>rr+1r+1r—1r°p is shown in fig. 2e. The

- shaded area indicates the events accepted into the sample of two-con-

stréi_nt fits: 1T+p -> 1T+pn,'followed by n - TT+1T-'IT0. These events repre-

sent almost all the n events with iiery little background[11]. The (nm)
mass distribution, after events contaivningv'a A++ héve been removed[9],
is shown in fig. 1c.

We have_ stﬁdied our mass resolution iﬁ detail éincéz good resolution

is critical for the observation of structure in the A, peak. Fig 2a
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shows the effect of the resolution on the expected valley-to-peak ratio
for a double—;ﬁole shape.‘

Knvowledgé_of the beam momentum, in addition to that derived by

measuring an individual event[12], is useful in improving mass resolution.

We have u‘sed highiy éonstr’éihed events té determine. the characteristics
of the be.am’mome'ntum distr_ibuti:c.m in the charﬁbe:. : Th'e. results of these
stﬁdies, which do not depend on any assumptions about the 'charactg-:.r of
(or abvcf:rra"cion's in) the beai.‘n optics, show that the beam rhomentum‘is
known to better than +0.5%[13]. This binfol.'mati‘on (witﬁ the‘
*+ 0.5% unqertaiﬁty) was used in all fits. Various examples of the sensi-
tivity of th'.e_-ma'svs resolution to the assumed uncertainty in the beam mo-
mentum are shown in fig. 2b." |
We have checked the cxperlnwhi&‘i mass tesuluiion i sevesal

0 +_-

© in 4c fits; for K - n'n

_ + - o : + -
cases: for n—> w7 w w° and w—-> wTw W
. _ L+ + 4+ - o : . .
in the reaction m p—> K pm 7w where the K" mass and direction were
not constrained; and for the proton in the reaction Tr+_p—>'-rr+p1r+1r'_'where
the proton mass was not constrained: The expe rimental histograms’
are shown in fig. 2c-f. For the proton, K% and 7 mass distributions

the curves represent the predicted mass resolution calculated when the

uncertaintie s introduced by multiple scattering and measurement errors

are propagaféd by our fitting programs;  in the case of the w the predicted -

mass resolution was folded with a Breit-Wigner resonance shape of |
width I'= 11.9 MeV[14]. Th.e.cu'rves are centered on the known particle
mjasses‘[14]. In all cases the expefimental mass distributions are con—.
sistent with Or narrower than the predicted curves, aﬁd the positions

of the peak are consistent with the particle masses within a fraction

Iy
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bf' an MeV. By fitting the prOtoh, K% 1, and w mass ‘dist.ributions

with the resolution as an unknowﬁ parameter, we find the half width at
half nla”x'irr.)um (HWHM) of\t_:h’e resolution fuhction to be 27 +0.1, ,3‘4 + 0.2,
5.440.4, and 8.0%0.4 MV, respectively, where 2.8, 3.5, 6.2, and

9.0 MéV were exp"écted. The calculated mass resolutions (HWHM) for

‘the AZ mass régibn are 3.8, 6.7, and 9.2 MeV for the KK, 37, and nm

decay modes respectively.
The ‘mass distributions in the A2 reg,ion' for 511 t'hrevevdecay modes

are presented in fig., 3. No obvious fine structure is observed in any

B of these distributions.

Previous experiments[1, 2] have shown that a t'wo—parametei‘.’double—
pole formula(3] is a convenient parametrization of the A, structure in

£ cm e A
ES

Aan A nbn L Ty A e : IR S ISR DA o S -
th\—‘.‘. fotoR e Thcrefcre, to qdauu‘tuuLV‘uxj Comparc & Suxl 4;2

signal with the shape observed in these expe'riménté, we have made fits
by using both a Bl'eit—Wigner (BW) and a double -pole (DP) formula over
the mass regions shown in fig. 3. | |

To test how well the BW and DP hjpotheées fit the data, least-

squares fits were made by using narrow bins (10 MeV for 'r]'rr and KK

and 5 MeV for 3m) in the 1200- to 1400-MeV region and broad bins

(10 times the width of the narrow bins) in the outer region (two bins on
each side). These uneven bi‘p sizevs were chosen so that the ‘confvid'en‘ce
level would be'defermined priﬁiarily by .the inner resonance région and
would be only slightly affected by the outer region. This outer region
must be _iﬁcluded to dé’cé rmine the backgrounci adequately. Maximum
1ikelihodd fits were made because the ratio of the likelihoods gi;\rcs" a

direct comparisQn‘ of the DP and BW hypotheses|15].
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- Fits were made not only to'each decay mode separately but to the
combination of the KK and mr events and also to all three rnodes
s1multancously[16] In thcse combmed flts, separate 11near backgrounds
and resolutlon»functwns we_re used fo_r each mode,vbut the mass and
width of the resonance was required to he the same in all modes. The
fits to the comblnatlon of KR and nm samples were. performed because
' these two decay modes have a much larger s1gnal -to- background ratio
than does the 3TT decay mode therefore, the results of the fits are less :_
‘sensitive to the shape of the'vbackground than are the results from the
simultaneous‘ fits to all three decay modes.

The_resu.lts of these fits are shown in'table 1', and curves_repre-
senting the combined likelihood fit to the data_'are shown in fig. 3. The
tabulated values .of the masses,: widths, and likelihood ratios come
from the likelihood fits, and the confidence levels come froim the least-
squares fits. In some cases there was more than one solutlon for the |
DP hYpoth_esis, and only the one having the largest likelihood is tabu-.
lated. Bec'a_use 'of. the" relatively low c’onfide’nce. levels and the ambig-
uities of the'SeiDP fits, “we 'have not quoted errors for the fitted values
for this hypothes'is. | |

As one can see in table 1, all'of the decay modes fit adequately to
a single Brelt ngner hypothesis,. and the values of the mass and w1dth '
of the resonance are in agreement among the three modeés. The double -
pole fits have lower confldence levels and the values of the mass and
- width of the double-pole are not in agreement among the three modes.
When a simultaneous fit to all thr‘ee'decay modes is made, the likelihood
for the Breit-Wigner h‘y_pothesis is 107 times bigger than the Iikelihood

for the double-pole hvpothesis.
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Our-expériment is not exactly cofnpa.rable to any of the precvious

experiments because of differences in one or more of the following:

charge of the incident partiélé,_ momentum of the incident ’p_a“rtiAclc’,

 momentum transfer range studied, and detection and momentum measure-
* ment of the charged final state particles. We have therefore considered

the case of two coherent resonances, which might reconcile the disagree-

ment in the Az’mass Shé.pes between expériments. We fitted our data

" by fixing the masses and Widths of the resonances at the values deter-

5> = 1297 MeV,
I‘z = 12 MeV) and varying the relative amplitude and phasve of the two
résonances" i_ndepehdently for each deéay mode to achieve the best fit.

The fitting was carried out in the same manner as described for the BW

and DP hypotheses. The resulting confidence levels were essentially

the same as those of the BW fits and weié_c’:on's‘_isténf with .'the_n'arrow‘reso_

nance having an amplitude comparable_ to the wide one in all channels. _
In conclusion, the particular structure reported in previous experi-

ments for the A2 has not manifested itself in our data.. The double -pole

- formula, which adequately represents previous A2 structure, gives poor

fits in our case. However, our data can be fitted either by two coherent
resonances with the same masses and widths as those found by CERN{2]
or by a single Breit-Wigner resonéncve.

We thank Joseph J. Murray for his work in beam design aﬁd_con-

- struction.. We gratefully acknoﬁ_xledge the assistance of the staff of the

Stanford Linear Accelerator and the 82-in. bubble chamber in obtaining
the data for this ex_periment.' We also thank Lawrence Radiation Laboratory

Group A Scanning and Measuring Group for their help in data reduction.
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at 7 GeV/c. _ |
2. H. Benz et 5'1; ,_".Ph.ys. l;etter‘s 28B, (1968) 233; in‘clu.des data from the
CERN missingi mass Spectrorﬁeter and the CERN boson spectrometer for
T p at 2.6 GéV/c. |
3. The f-ormivllai,:us,ed is ' 2‘ r (M _'M ) 2

' N(M )oc

(MM) ()

' The formula descnbes the data 1n refs. 1 and 2 quite wcll The data of ref—
erence 2 g1ve M = 1298 MeV, = 28 MeV For references to discussions of
‘the double -pole forrnah.sm, see the review talk of D. G. Sutherland, in Proc.
1970 Phila.delphia Conference on ExperimentalvMesoh Sp_ectrovs' - |
copy, edited by'C. Baltay and A. H. Rosenfeld (Celumbia University Press,
New York, 1970). - | |
4. D. J. Cren_nell,' u. Kars'hon,‘i(. W. Lai, J. M Scarr, and I. O. Skillicorn,
PhYs. Rev. Lett'ex;’e;.ZO, (1968)'1318. For this 7 p e'xpverivrn'en't at 6 GeV/c, the
two-peak f1t Vis better, but not "signiﬁ_ca'ntly’ more so than the ‘o'ne—peak fit.
M. Aguilar-Benitez et al.,CERN-Paris (C.d. F. )-Liverpool Collaboration,
| | mat 0, 0.7, and 12 GeV/ec.

2
With a ' signal" (events above background in the 1200- to 1400-MeV region) of

Phys. Letters 29B, (1969) 62. They observe Bp ~ A

270 events in A, > KK, they favor DP (65% probablllty) over BW (4% probab111ty)

R. Baud et al., Phys. Letters 31B, (1970) 397. They observe m p— Aép,
A2 - K'K? at 7 GeV/c With a ”s1gna1” of 145 events, they have 60% proba-
bility for a double pole and 1% for a Breit-Wigner. |

K. Bdckman et al. , BOnn-Durham-Nijmegen—Pai’is (E.P.) - Torin‘o Collab;
oration, Nucl. Phys. B16 (1970) 221. "They’ study m p - pA;r at 5 .GHeV/‘c.

With a ''signal' of 108 events, they favor the DP hypothesis (63% probability) |
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over the BW hypothes1s (20% probability). |

5. Prehmmary data from this experlment were reported in a review talk by
A. Barbaro Galt1er1, in Proc. 1970 Philadelphia Conference on ‘
Expernnental Meson Qpectroscopy, edited by C. Baltay and A. H. Roscnfeld
(Columbia Unlver51ty Press, New York 1970) '

6. For a descrlptlon of the beam see ‘S. Flatte, Lawrencc Radlauon Laboratory-

' Berkeley Group A Physms Note No.. 646 1968 (unpubhshcd)

7. All events were measured on a Spiral Reader and the measured pulse hclghts

were used to ob_ta1n track 1on1zat1on 1nforma.t1on. Remeasurements of the V-2
prongs that failed were made on a Franckenstein. In additi.on we remeasured
all the A - K K° canchdates and about half the A ~*1r+n candldates on a
Franckenstmn and compared the f1rst and second measurunents we observed
no Sy raatic ‘shifts in the mass spectrum between the two measurernents

8. In case of afnbiguity, the hypothesis wrth the smallest total X (sum of
kinematic and i'o'nization ¢hi square) was chosen. The kinematic confidence
level was requlred to be greater than 10~

9. We eliminated the A by rem0v1ng events with M(TT p) <t 38 GeV

10, We find that selecting a p makes a neg11g1b1e change in the -A2 mgnal, but

it distorts the background because of the well-known crossing‘ban.ds effect. See

for example A° H. Rosenfcld et al., Rev Mod. Phys. 40 (‘1968)" 7; S.-Y. Fung
et al. , Phys. Rev Letters 21, (1968) 47, and A. Barbaro Galtieri and P. Sod1n0
in Meson Spectroscopy, edited by C Baltay and A. H. Rosenfeld (W. A. Benjamin,
Inc., New York, 1968), p. 137. | | ’

114. The acceptance criteria w'e:re: ('1)-. Vno-4—constraint fit to reactien'v (2) with
confidence 1eve1 greater than 10 5.' '(2) la 2-constraint fit with confidence level

> 2X10 -3 and track ionization dcns]tlcs conslstcnt with the track mass 1nterpre—
tations; (3) the 1—constraint fit with the same track -1dent1t1es as tho 2¢ fit havmg :

I
the smallest sum of kinematic and ionization XZ of all 1c fits; (4) M (w T Tr?)
. . [

|
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frvom th'e 1';con-etféint fit witnin :f:..25 .MeV of the' acoe'pted‘n ma'es; (5) proton lab
momentum < 2. O GeV/c (a few percent effect). Examinat.ion. of e\}ents with ‘fitted
proton rnornentum > 2 GeV/c on a scann1ng table showed that these events often
had their tracks m’isidentified.' We also found that events w1th confidence level
for a 2c fit <2X10'3_ inc.reased the background but not the A, signal.

12. For-a descrlptlon of the treatmcnt of beam momentum correlatwns and the
"beam averaging technique we uSed (applied to another experiment), see S. Flattc,
Lawrence’ Radlatlon Laboratory-Berkeley Group A Physics Note No. 664, 1968
(unpubhshed). We have compared the A2 mass distributions obtained with and
without external knowledge of the beam and find no discrepavncie.s».

13. The full 'spread. of the beam momentum is £14.5%. However, for a given
poéition in the '_ehen*lber the <'+0.5% ‘resnlt hold‘s, ’

14. Particle :‘Dat‘a Group, Review of Partiole_ Properties, Phys. Letters 33B
C(970) 1. | | | |

15. For the 3Tr dva'ta the maximum 1ikelihood e.na.lysis was performed on the data
in 5-MeV blns in ordef to avoid long _eomputer runs. |

16. For all fits v-a'mass—dependent width was used and the background was
 assumed to have a hnear dependence on the mass. V.V‘e'\‘ls’e jthe seme pdrametriza—
tion as that of P. J. Davis, S. E. Derenzo, ‘S. M. Flatte, M A. »Garnjoét, G. R.
Lynch, and F. T. Solmitz, .Phys. Rev. Letters 23, (1969) 1071 The resolution

function for each distribution was folded in With the resonance shape.
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FIGURE LEGENDS

Fig. 1. Mass plots showmg ‘the A, signal in the three deeay‘channele ,s‘t'ud‘_i'cd. in
thls paper.: e o |
Fig. 2. (a) The effect of folding a Gaussian resolution shape w1th standard
dev1at10n o into the double—pole forrnﬁla. Thc valley -to-pcak rat1o is ‘\,
plotted. Thc upper scale is ¢ /FDP and the lower assumes F = 28 MeV. |
[ The resolutlon (HWHM) =(21n 2)1/2 r] . (b) Maes'resolutlons as a func- |
tion of the assumed accuracy, Ap/p.‘ A_pbis the .‘e'rror in 'the incident beam
momentum (p) from sources other than the measurement of an individual
event. Thev arrow indicates Ap/p = 0 5% , the value used by our fitting pro-
grams. (c) Mass. of the proton in three constraint fits to reaction (2), |
where the proton mass is allowed to vary. ‘The curve is the pred1cted |
reeolutlon (2.8 MeV -HWHM) ‘centered on the known proton mass. (d) The
e‘verit‘s‘ ef reaction (1) fitted to ﬁ+p - ’K+p1r+1r' to’determi.ne the accﬁr'acy of
the resolution function in the Kob mass r_egioh, The curve febfesents the
predicted resolution (3.5 MeV HWI—iM) centered on the knovi/n" KO Inas.s.
(e) M(n+w;1r°) frorn the 1c fits of’reection (3) 1n the n i'egion. Shaded events
chosen. to fit the reaction 'rr+p —- p'rr n. The cufvé’ re'presente the pvredicted
resolutlon (6 2 MeV HWHM) centered on the known 7 mass. .(f) M(1T+1T—‘ITO)
from reaction 3 in the w region. " The curve represents a BW fit to the data
. with 1" 11.9 MeV and the pred1cted resolution (9.0 MeV HWHM) foldcd in,
and centered on the known w mass. : o - | » W
Fig. 3. Mass_‘. ﬁiots in the A‘2 region. | The curvee. are from the likelihood fit to
the three -dvecay modes simultaneously; BW (eolid line) and DP .(d‘ashed

line).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or 1mp11ed ‘with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned r1ghts or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes  any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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