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ABSTRACT

Lo - -+ '
The reaction' ™ p = ™ T 7 p has been measured at 25 and 40 GeV/c at
the Serpukhov P;zton Accelerator. The production cross-section as a
‘ N .

function of beam energy,Amomentuh transfer, and 37 mass is presented,

and results of the partial-wave analysis of the 37 systém are discussea
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INTRODUCTION

Durlng the period 1970-72 the CERN-IHEP Boson Spectrometer has been
operating in a 25-40 GeV/c negative beam of the Serpukhov Proton Accele-
rator. Data on the inclusive reaction Tp -+ X—p at 25 and 40 GeV/c have
been publishedl’z).' Here we present results about the m 7 1 decay mode

of the.X system, for low X masses.

The events are measured in the speCCIometera), identified by a kine-
matic'fit,fand analysed by the partial-wave method“). ‘Detailed results
about production and decay of the A systems (i.e. Ay, A, and A;), which
are strongly produced, are presented in a separate papers . Here we dis-

. - - -+ . .
cuss a few general features of the reaction T p > W W p at hlgh energies.

i) energy and momentum-transfer dependence of the cross-sectlon as a

function of the 37 effective mass;

“H*ii)ipaitiélrwgyé;dgchpqsipidnuofgthe>3ﬁ;§y$t¢mkﬁf. L e A

. SELECTION AND IDENTIFICATION.OF THE EVENTS

The trigger'(see.Ref. 1) demands an incident beam particle inter-
acting inside the liquid hydrogen target, thereby producing -a slow recoil
proton, which is detected in the proton telescope. In the off-line

analysis,’gﬁents are selected that satisfy the following criteria:
i) an incident particle in the beam hodoscopes;

ii) a proton, momentum analysed by time of flight and measured by the
two wire spark chambers of the proton telescope; the proton track
“has to intersect with the beam track inside the liquid hydrogen ‘%

target ("proton vertex");

iii) thfee,tracks in the magnetic spectrometer, origihating from the pro-
_ton vertex; at least two of them have to be measured in the spark

chambers behlnd the magnet-and: are: thus momentum’ analysed*** R

iv) the x probablllty obtained by. fltting the: hypotheSLS T P > T ﬂ P

to the data (using the constraints of energy- and. momentum—conser-
vation) exceeds 0.02.
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The number of events thus selected for the different runs at 25 and

40 GeV/c are listed in Table 1.

"In the selected sample the backgrOund from events ﬂ_p -+ H—K_Kfp and

ﬂ_p *'ﬁ'ppp ddes not exceed 17; the background from reactions with mis-

. 3
sing neutral partlcles is less than 27

The 3T mass resolution in the A1—A2 reglon is of the order of

£ 10 MeV and 15 MeV at 25 GeV/c and 40 GeV/c, respectlvely.

3. PARTIAL -WAVE METHOD

The partlal-wave method is used to extract the phy51ral 1nformat10n

from the data, taking into account the acceptance and 1neff1c1enc1es of

the apparatus

As we are 1nterested in the productlon and the decay of the 3ﬂ system;f*?"“ﬁ'”"

. 4 +
we write the cross-section W for the reaction T p>T TP, as a product
of the density matrix p, which describes the production of the 37 system

and the probability MM* that the 37 system decays into three T mesons:

s T R --W(sc}nmslszasy)gz M pab Mb Y I

a,b

‘i) s, t, and m3Tr are the productlon variables of the 3 system (s 1s the

total centre-of-mass energy squared t the four—momentum transfer

squared to the proton, L the mass of the 3ﬂ system)

ii)'sl;s;,a B Y are the decay varlables of the 3m system (5132 the co-
JQ?EZE;EEE—SS the Dalitz plot which completely spec1fy the 1nterna1 _
'orlentatlon of the three plons, »a B,Y, the Euler angles whlch spec1fy
'thelr external orlentatlon relatlve to flxed space axes)

Tiii)) pég(stmagi (a;E J %QS) is. the den51ty matrlx for the productlon of 37
systems with sp1n, parity, and polarlzatlon J M whlch decay wvia the‘
Qrwave into (ﬂ L ) systems w1th spln S. 1Its real dxagonal ele ments
p;g are the production probabxllty of the state |a), and 1ts complex‘

non-diagonal elements 0 ab measure the lnterference between the two
states la) and |b) [ip \ belng the 1ntenslty of the 1nteterence,

arg (Oab) the relatlwe phase betweea the two states]
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iv) M (s s aBy) is the amplitude, symmetric under 1nterchange of the two

negatlve pions, for the f£-wave decay of the J M state lnto a (ﬂ T )

system with spin S. The explicit form used is

M_(s15,08Y) =Z (| smn) prY3(8,9,) A cl) qusw w + (1 2),(2)

. + -
where: . 0,¢,p, are the angles and momentum of (m m,) in the 37 frame;

' + + -
1¢1q1 are the angles and momentum of the T 1in the T 7, frame

and AS(Sz) is the dipion propagator (see Table 2).

. e ' . -
The dipion systems of spin S are parametrized by the known T T re-
sonances of spln $s=0,1, 2 ngher spln states, as well as 1nteract10ns
between the two negatlve plons, are neglected. To reduce the number of

5

free parameters of our model we make further assumptlons 2

i) partial waves with the same spin, parity, and polarization JPM, but

different 2S-decay modes are coherent;

e
|
~

: - . . . P - .
' partial waves with the game spin and parity J have the same polari-

zation :‘é*,

-

Assumption (1) has been tested for several waves [e.g. O—(S/P)**),

1t (S/P), 2t (/P), 2 (S/P)] in several m . intervals, and found to be .
correct within the statistical sensitivity of .the data. Assumption (ii)
has not been'tested: it is, however, not very relevant to our‘'data, as we

find essentially only one M-value for each spin-parity state.-

The maximnm likelihood method is used to fit expression (1) for the
different s, t, and oo bins to the data, in order to obtain the unknown
parameters, taklng 1nto account the. p051t1v1ty conditions on th_ den51ty

‘matrix as well ‘as the acceptance -and 1neff1c1enc1es of the spectrometer.

*) Mathematically we can express. these assumptions by the formuia

Ce e L
Pab C1 Ped Cj ’ S
where: ‘a = Jflmlslil » bE E M2522 . : e IR
- P ‘
c = JIIMI ’ d = JEZMZv N .
o : ' 2.
iz sy, z_JEZ Sy85 e

The C's are complex constants’independent of the decay variables of
=Ia UM oaratam L : :

f o e e mee s e BB

—yper e

P ————

D A LUl )
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The following effects have been corrected for:
i) geometrical acceptance of the proton telescope;

ii) geometrical acceptance of the magnetic spectrometer;

iii) efficiencies of the spark chambers and the track-finding program;
iv) absorption of pions in the hydrogen target, and the dazcay of pions

in the magnetic spectrometex.

By maximizing the logarithm of the likelihood functlon we obtain
the best estimates for the unknown parameters of our model and the ac—
ceptance for the s, t, and m, interval investigated. Figure 1 shows the

acceptance of the magnetic spectrometer as a function of 37 mass at 25
and 40 GeV/c. -

RESULTS CONCERNING THE REACTION p > T T

4.1 Effective mass spectra

Flgures 2a and 2b show the 37 mass spectra corrected for the ac-
ceptance of the magnetlc spectrometer for the two momentum transfer inter-
vals 0.04 < |ed < 0.17 (GeV/c)? and 0.17 < lt] < 0.33 (GeV/c)? measured

at 40 GeV/c. In the low t-interval, we find two broad structures known

as
- P +
Ayt mx 1150 Mev , T =300MeV (3 =10)
Ay m = 1650 Mev , T % 350 MeV @ =27y

In the high t-interval there is, in addition, evidence for production of
the ' '

st m = 1310 eV , T * 100 MeV ot =25 .

The . n i mass spectrum of Fig. 2culs dominated by the p meson (m.

T = 154 MeV) . Demandlng that at 1east one of the e mass combinations
is 1n the p band (665 MeV < mﬂ+ﬂ” < 865 MeV) ylelds the shaded spectra of
Flg. 2. No 51gn1§1cant structure is seen rn the T mass - spectrum of
Fig. 2d. .. S

769 MeV,
- T's= 138 MeV) ‘and shows evidence. for productlon of the f meson (m = 1265 MeV,'
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4.2 The cross—section of the reaction Tp-+> T T Tp
as a function of pipc, t, and mag

In the limited momentum transfer interval accepted by the apparatus
(see Table 1), the differential cross-section is well described by the
exponential
do

T gp < exp (bt) .

’Figure 3 and Table 3 show the dependence of the slope parameter b on 37

mass at 25 and 40 GeV/c. The parameter b decreases smoothly from a value .
of 15 (GeV/c)~? at m, <1 GeV, to a value of about 5 (GeV/c)"2 at 2 GeV )

Within the errors, the values found at 25»GeV/c and 40 GeV/c are the same.

Assumlng that the exp (bt) dependence can be extrapolated, ve cal-

: culate the Lﬂtegrated cross sectlons, which we dlsplay in Table 3. Within

the systematic errors,vthe cross—sect;ons.are the same at 25 and at 407GeV/c.
Figure 4 compares the integfated cross—section for different mass bins

found in this e#periment'with results from bubble chamber experimentss).
For'pinc < 10 GeV/c, the overlap between low 37 masses and N* resonances

in the prm system is large; above 10 GeV/c this effect becomes smaller and

the cross-§éct10ns decrease only slightly with Pine' F1tt1ng the express1on

Pt

- ) < n(m3TT)
‘O(man’pinc Pinc

to”thé'datat§iglaé the values for nwiistégTin Table 3. The values are".
close to n = -0.25 * 0.02, found for elastic scattering ﬂ—p > ﬁ_p bétween
7 and 40 GeV/c N, ’

RESULTS'OF'THE'PARTIAL-WAVE'ANALYSIS'OF THE 37 SYSTEM

‘ Here we summarize the main features ‘of the 37 system as- dbtalned by

: the partial<wave analysis. Detallswabout-productlon.and decayaofvtheuA ad

5
systems will be discussed in a separate paper )

%) A similar variation of b thh m,_.. has already been observed at lower:
. energies by J. Bartsch et al., ng51cs Letters 27 B, 336 (l968)
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i) The number of partial waves of the 37 system that are significantly
dlfferent from zero is relatlvely small. Below a 3m mass of 1,5 GeV
these are” *yx%)

MY =00 (s > em, P rpmy, 170" and 111V @ > em, 5 o oMy

.

270"+ pom, 21T 0 > pm) 5
above m, = 1.5 GeV these are, in addition,
‘. — . : + + ' . .
2 °+(S,* £ , 30 @~>opm P>fm , 2517 > £ .
The mass dependence of the main partial waves is shown in Fig. 5.
The states 1" sy, 2 (D), and 2 (S) show strong structures, known as

A, Az’ and A,. All other waves are either only weakly produced or

show no significant structure, One notices that all states have

"of the A, resonance in the 2 ‘wave.

ii)‘Oply,states whlch are produced by natural parity exehange***)in the
high-energy limit are produced strongly, the upper limit for states

. , . 3
produced by unnatpral parity exchange being a few per cent )

.

iii) In the Gott{fried-Jackson (t-channel helicity) system the different
partial waves are mainly produced with the smallest third component
of spin, allowed by production via natural parity exchange (i.e. M =0

for the series O_, 1+, 2—, and [MI 1 for the series 1 ,.2+, 3—-...).

y JHM P . .
%) We use 37 states |J ) « IJ M)+ nPP_ (=) -M) , which are

eigenstates of |Jz| (referred to t- channel axes, eigenvalue M) and of

reflection in the“production plane. (elgenvalue nP.). The letters.
S, P, D refer to & = 0,1,2. o f

*x%x) Imthe region below m__ = 1.4 GeV: we have investigated systemarieallygb .
- possible contributions from all partial waves with J < 3, any allowed 1)

M, with decay modes into e€m, pm, £m with all allowed values of & £ 3.

*%x) If the target proton is unpolarized and the polarization of the recoil

pProton not.measured, parity con5eIVat10n ‘Tequires ther absencdé:ofudensity & ilnu
matrix elements between states-ofropposite n (i.e. opposite’ ‘eigenvalues
under reflection in the production plane). A t-channel exchange of a -
Particle X or a Regge pole with natural (unnatural) parity . * .
0 = Py (=) % = +1(-1) contributes at hlgn energies only. to tHe Droduct;cn
of states with n = g. The n =~0 amplitudes vanish for M = 0 1ndepen—v
dent of energy, for M # 0 they are supressed by a factor = (cos: Ot) gl
relative to the n = ¢ amﬂ1L udes. Thus identifying n = +1(-1)-with natural
- (unnatural) parity exchange iseither exact or qulte accurate in this :
.experiment (Ref, 8).

the. same na tur _llry [P( 1) ] as the 1nc1dent plon with :the- exceptlonqéffrz9““‘5i“‘*
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iv) The interference between all pairs of partial waves is found to be

RPN

essentially maximal, suggesting that one of the four possible ampli-
tudes (proton spin-flip, n = *1; proton non-flip, n = %1) dominates,
This circumstance makes it possible to determine the relative phase

between different partial waves with reasonable precision.

o
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Tabié 1

'Events used for the analysis

Running period April 1971 | June 1971 | June 1971 June 1971 | October 1971
. Inci&ent momentum [GeV/c] 40 25 25 - 40 40
Moméntum transfér [(Gev/c)?]| 0.17-0.33 |0.17-0.33 | 0.10-0.33| 0.10-0.33 | 0.04-0.33
Number of raw triggers . 549,800 | 446,800 | 410,050 | 288,550 | 349,000
Number of 37 events 15,200 15,800 | 15,550 | 10,000 15,030
é«?ﬁ". t L ! "f '
s s 13 TR

o o, earan R el




_.10_

Table 2
Parametrization of the nfﬂ'-amplitude with spin §
'_'__ Z_V - s -1
'4AS<SI) (ms si ;msys)

' 2S+1 m
= 95 S_
Ys(s)) = Tg [QO) /s,

S Name of mg FS
resonance | Mvev] | [Mev]

| 0 3 760 400
g ) L :
1| b | 769 138

2 | £ | 1265 | 154

The € and p parameters -are from fits to our data,

the t° parameters are from the literature®). An
altogether different parametrization of the § = Q
propagator, based on recent 7™t scattering resultslo)
has -also been tried, with no significant changes 'in " ¢
any of our results, R .

]

e
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Table 3

Slope b of differential cross-section do/dt, 1ntegrated cross—secglbn O and
‘exponent n of ‘the energy dependence for the reaction:m p + T T T p versus

31 mass., The systematlc érrors are glven 1n -parentheses.
| 25 GeV/c 40 GeV/c 11-40 GeV/c
m o 4 b g b o] n
- - - n
[cev] | [cev/c~2] [ub] [Gev/c™2] [ub] [0 pine]
| 0.8-1.0 14.3 + 0.8 [36.6 + 3.3 (3.7) [ 14.9 + 0.6 [ 37.3 + 2.2 (3.7) | -0.31 ¢ 0.11
1.0-1.1[ 11.7 + 0.5 |51.6 * 3.6 (5.2) [12.6.% 0.5 | 50.9 +2.3 (5.2) |]
: T s : - . . * —0029 i Oc 10
1.1~1.2] 10,0 + 0.4 [68.4 * 3.4 (7.0) [ 10.7 * 0.4 | 64.5'+ 2.2 (6.5) ||
1.2-1.3| 8.3'% 0.4 [71.7 + 3.1 (7.6) | 8.5 + 0.4]63.5 % 2.1.(6.4) ||
» S | . o -0.29 + 0.10
1.3-1.4| 7.3 £ 0.4 |56.5 + 2.6 (7.0) | 6.1 + 0.4 53.9 + 2.1 (5.5) ||
1.4-1.5| 7.2 * 0.6 [35.6 + 2.3 (5.0) | 7.2 * 0.5]30.6 + 1.5 (3.1)
' o ¥ B -0.42 + 0.11
1.5-1.6| 6.2 + 0.6 [35.3 + 2.1 (5.2) | 7.2 + 0.5 33.2°% 1.5 (3.4)
1.6-1.8| 6.6.t 0.5 [80.9 * 3.8 (11.0)] 7.2 % 0.3 |72.5.% 2.1 (7.4) ||
N s -0.50 * 0.11
1,8-2.0] 5.1 % 0.6 [48.5 3.2 (7.0) | 5.6 + 0.6 44.0 £ 2.1 (4.6 |

~ 11 -~
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Figure captions

Fig. 3

Fig. &4

fig. 5

3 e X

Acceptance of the magnetic spectrometer for the reaction
- -4 : '
Tp+TTTDP.

Mass spectra measured at 40 GeV/c:

a) ‘m,_ in the interval 0.04 < lci < 0.17 (GeV/c)?,

corrected for acceptance,

i‘b) msn in the 1nterval 0.17 < |t] < 0.33 (GeV/c)2

:ccrrected for acceptance. Events w1th L in the p
‘band (0.665 < m_, _ < 0.865 GeV) are dashed.
c) o4 combined data, not corrected for acceptance.

d) _mﬁ_ﬂf.Hcombined.data,'npt corrected for acceptance,
Slope b of the differential cross—section do/dt versus 3
mass at 25 and 40 GeV/c. -
: . : ' . - - = 4+
Integrated cross-section of the reaction W p > T T T p as
a function of incident momentum and 3T mass. Solid;lines

are gbe results of the fit described in the text.

Mass dependence of different partial waves at 40 GeV/c.

The notation used for the 3T states is: J £Mn

"Spin and parlty,

r»

3rd component of J in the. Gottfrled Jackson system
angular momentun of (ﬂw)° - 7 decay, of the 3T system,
eigenvalue of reflectlon operato; in the production

plane: +(-) natural (unnatural) parity exchange.
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