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ABSTRACT

-  --+
The reaction A * +A *A p has been measured at 25 and 40 GeV/c at

4          the Serpukhov Proton Accelerator. The production cross-section as a
.,4-

function of beam energy, momentum transfer, and 31 mass is presented,
.

4          and results of the partial-wave analysis of the 31 system are discussed.
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2           1.  INTRODUCTION

1                  During the period 1970-72 the CERN-IHEP Boson Spectrometer has been
·11

' I               operating in a 25-40 GeV/c negative beam of the Serpukhov Proton Accele-

rator.  Data on the inclusive reaction 1-p + X-p at 25 and 40 GeV/c have

" been publishedl,2).  Here we present results about the A-1-1  decay mode

of the.X- system,   for  .low X- masses.

'                  The events are measured in the spectrometer  , identified by a kine-
3)

matic fit,.and analysed by the partial-wave method4).  Detailed results
ac

about production and decay of the A systems (i.e. Al, A2, and A3), which

-'                       are strongly produced, are presented in a separate papers) .   Here we dis-
cuss a few general. features of the reaction A-p + A-A-w p at high energies.

i) energy and momentum-transfer dependence of the cross-section as a
1                                                                                                                                                                                                                                    -

function of the JA effective mass;

ii)-partial-wave.·decompositi.on of.,the 37r system. -

.;

24

'.i

2.  SELECTION AND IDENTIFICATION OF THE EVENTS
1

I                    The trigger (see Ref. 1) demands an incident beam particle inter-
.k

 ' 
acting inside the liquid hydrogen target, thereby producing·a slow recoil

4               proton, which is detected in the proton telescope.  In the off-line
.2 , ,analysis, 21>ents are selected that satisfy the following criteria:

./

i) an incident particle in the beam hodoscopes;Yi

ii) a proton, momentum analysed by time of flight and measured by the
'' two wire spark chambers of the prot6n telescope;  the proton track

. has to intersect with the beam track inside the liquid hydrogen '1
-

target ("proton vertex");

iii) three .tracks in the magnetic spectrometer, originating from the pro-
ton vertex;  at least two of them have to be measured in the spark

- chambers behind the magnet·, and-  are thus momentum analysed;-t.j'       'A·:3    =
.                                                                                                                                                         -

*..         iv)  the X2 probability obtained by fitting the.hypothesis. 1-i> 4, Tr-lr. p
'            '        to the data (using the constraints of energy- and momentum-conser-
k

vation) exceeds 0.02.
5

.
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The number of events thus sele
cted for the different runs at

 25.and                 1

40 GeV/c are listed in Table 1
.                             

                              
1 *

In the selected sample the bac
kground from events 1-p + r-K-

K p and                 i4

1-p + 17Fpp daes not exceed 1%
;  the background from reactio

ns with mis-
4

sing neutral particles is less
 than 2%

S                The 3A mass r
esolution in the Al-A2 region 

is of the order of
t

t
:

a e 10 MeV and 15 MeV at 25 GeV/c and 40 GeV/c, respectively.
.„

3.  PARTIAL-WAVE METHOD

The partial-wave method is use
d to extract the physical info

rmation

b
from the data, taking into acc

ount the acceptance and ineffi
ciencies of

the apparatus.

As we are interested in the production and the decay of .the 37T. system,

            we write the cross
-section W for the reaction A 

p + 1-1 v p, as a product

f           of the density mat
rix p, which describes the pro

duction of the 3A system

and the probability MM* that t
he 31 system decays into three

 w mesons:

-

b         -··  ·  ··   ·. ' · . . -Wistm s. s.o By) =   M  o M* .....    (1)46./-

. 31T J Z L_1       a   - ab     b

a,b

i) s, t, and m are the production variables o
f the 31 system (s is the     

        1

3IT
-------------

-

total centre-of-mass energy sq
uared;  t the four-momentum tr

ansfer               I

squared to the proton. m the mass of the 31 system) .

'  37T

ii) sl,sz,a,B,y are the decay 
variables of the 31 system (sl

s2 the co-

------------

ordinates on the Dalitz plot, 
which completely specify the i

nternal

:1 I orientation of the three pions
;  a,B,y, the Euler angles whi

ch specify

their external orientation rel
ative to fixed space axes).

iii).p· (stm 3 (a E J MiS) is: the density matrix for the production of 31.

ab 31,
----                          

               P.

systems-with spin, parity, and
 polarization J M, which decay

 ·via the

2.-wave  into (Tr 7T-) systems  with  spin  S.    Its real diagonal elements

P  are the production probability of the state la>, and its complex
,.,.aa

non-diagonal elements p   meas
ure the interference between t

he two

ab                            
       -

states |a) and  b> F|p    bein
g the intensity of the intefer

ence,

. ab

4          - arg (Bab) the relative phase b
etween the two states].

"..*

iii.
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iv) Ma(slszaBY) is the amplitude, symmetric under interchange of the two
-----------

negative pions, for the £-wave decay of the J M state into a (A A-)

system with spin S.  The explicit form used is

Ma(slszaBY) = .1 (JM|£Smil) P Y (01$1) As(sl) q Y (01;31) + (1 4·+ 2),(2)

4

where: Bi¢ipi   are the angles and momentum of (Tr+Tri)   in  the 3TT frame;
------

Bl¢lql are the angles and momentum of the Tr in the Tr'tri frame
1 K and AS(sl) is the dipion propagator (see Table 2):

t

The dipion systems of spin S are parametrized by the known Tr Tr- re-

sonances of spin S = 0, 1, 2.  Higher spin states, as well as interactions
5

.
between the two negative pions, are neglected.  Toreduce the number of

free parameters of our model we make further assumptions   :
P

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

different £S-decay modes are coherent;

P
ii) partial waves with the same spin and parity J  have the same polari-

u                                                       zation.4-

Assumption (i) has been tested for several waves [e.g. 0-(S/P)   ,

1 (S/P), 2 (D/P), 2-(S/P)] in several m   intervals, and found to be3 1T

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 maximum likelihood method is used to fit expression (1) for the

different s, t, and m bins to the data, in order to obtain the unknown
f                                    37T
+               parameters, ltaking into account the,positivity conditions on th 1 -density

matrix  as  wdll  as  the acceptance·.·and ,ineff iciencies  of the spectrometer.

*) Mathematically we can express these assumptions by the formula

P   = C. 8   2.ab    icd  J '

2                where: 'a E J 1Mls19.1 '  b E.J .2M2s212

<                                                                         c   E   J l *Ml , d E J 2Mw
4 e.

i E J l Sltl ,    j E J 2 S222 .

...7/

:*                 The C's are complex constants.independent of the decay variables of
1              the 11'r cvqtpm.                             ---
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The following effects have been correc
ted for:

i) geometrical acceptance of the proton
 telescope;

0

ii) geometrical acceptance of the magne
tic spectrometer;

iii) efficiencies of the spark chamber
s and the track-finding program;

0'                                                                                               
                                                                                                

                                                                                                
                                                                                                

                              .

iv) absorption of pions in the hydrogen
 target, and the decay of pions

in the magnetic spectrometer.

By maximizing the logarithm of the lik
elihood function we obtain

the best estimates for the unknown para
meters of our model and the ac-

.. ceptance for the s, t, and m interval investigated.  Figure 1 shows 
the

371

acceptance of the magnetic spectrometer
 as a function of 3A mass at 25

and 40 GeV/c.

--+
4.  RESULTS CONCERNING THE REACTION A 

p +1 1 A p

4.1  Effective mass spectra

Figures 2a and 2b show the 3A mass spe
ctra corrected for the ac-

ceptance of the magnetic spectrometer 
for the two momentum transfer inter-

„

vals 0.04 < It.< 0·17 (GeV/c)2 and 0.17 < |t| < 0.33 (GeV/c) 2 measured

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

                                  as
P+

Al:  m = 1150 MeV ,
r z 300 MeV (J=1)

,.'.

-                                      
                          C JP = 2-)'.A3:  m= 1650 MeV ,   r= 350 MeV

In tKe high t-interval there is, in ad
dition, evidence for production of

the
P+

A2:  m = 1310 MeV , r - 100 MeV (J  =2)  .

4
1 +  -

The   1   Tr mass spectrum  of Fig. 26,:3is dominated   by   the p meson   (m  =   769   MeV,

-    r   =   138  MeV) and shows evidence f6r production   of   the f meson   (m  =   1265  MeV,

  = 154 MeV).  Demanding that at least
 ond of the A A- mass combinations

-1

is in the p 'band (665 MeV < m < 865 MeV) yields the shaded spectra o
f

TF+lr- --

Fig. 2.  No significant structurd is se
en in the A 1  mass spectrum of

Fig. 2d.
.. h

0

1                         
                          

          &

-Ii-Ii;
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4

4.2  The cross-section of the reaction A p + 1-1-A p
"                   as a function of Pinc, t, and m314

*
3.*                    In the limited momentum transfer interval accepted by the apparatus

(see Table 1), the differential cross-section is well described by the

·.  exponential1 da- - r exp (bt)  .
#

dt

g 0

Figure 3 and Table 3 show the dependence of the slope parameter b on 3A
K

mass at 25 and 40 GeV/c.  The parameter b decreases smoothly from a value
*)"              of 15 (GeV/c)-2 at m < 1 GeV, to a value of about 5 (GeV/c)-2 at 2 GeV  .3 1T

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

Assuming that the exp (bt) dependence can be extrapolated, we  cal-
+                                                            -

culate the integrated cross-sections, which we display in Table 3.  Within

4               the systematic errors, the cross-sections are the same at 25 and at 40 GeV/c.
9'

Figure 4 compares the integrated cross-section for different mass bins

*               found in this experiment with results from bubble chamber experiments 6).
>

For P. < 10 GeV/c, the overlap between low 3A masses and N* resonances4                     lnC
in the PA system is large;  above 10 GeV/c this effect becomes smaller and

. ,

the  cross-s1ttions  decrease' only slightly  with p. . Fitting the expression
lnCr.

n(m 31T 
0(m31T'Pinc      lnC

.

.'                            F.ElI.
...                    .     3'i:.to  the data yields the values  for n listed in Table  3. The values  are ':*

4               clo-se to n= -0.25 + 0.02, found for elastic scattering A p+A p between
7

7 and 40 GeV/c 1).

1

5.  RESULTS OF THE PARTIAL-WAVE ANALYSIS OF THE 3A SYSTEM

Here we summarize the main features of.the 31 system as obtained by
the partialfwave analysis. Dethilstabout·production  and  decay: 6f  the'A

5)
systems will be discussed in a separate paper

...:a..2

r              *) A similar variation of b ·with m,  has already been observed at lowert
M                          energies by J. Bartsch et al., Physics Letters .27 B,  336  (19.98).

1
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i) The number of partial waves of the 3T system that are significantly

1               different from zero is relatively small. Below a 31 mass of 1.5 GeV
1                                                              *, **)
1                these are

J Mn = 0-0 (S + ET, P + PA) ,   1 0 -and 1 1 (P + EA, S + pE) ,
...1"

2-0'(P + PIT) , 2 1 (D + p ) ;

above m = 1.5 GeV these are, in addition,37T
1

++2-0 (S + f  T) ,   3 0(D+ p , P + fTT) ,   2 1 (P + f ) .                    b

The mass dependence of the main partial waves is shown in Fig: 5.
+                 The states 1 (S), 2 (D), and 2-(S) show strong structures, known as

Al, A2' and A3.  All other waves are either only weakly produced or

show no significant structure.  One notices that all states have
the same naturality·· [P (-1-): ] as the incident-pion- with the exception.-/

of the A2 resonance in the 2  wave.-

ii) Only states which are produced by natural parity exchange in the***).
1                                                                 ·     ·

high-energy limit are produced strongly, the upper limit for states
produced by unnatural parity exchange being a few per cent 3).

iii) In the Gotttried-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 0, 1 , 2-, and |M| = 1 for the series 1-,.2 , 3- ...).
..

:

J+M, P*) We use 31 states
| JPMR > cc | JPM ) + nppTr (-)   1.I- -M > , which are      ''

eigenstates of |Jz' (referred to t-channel axes, eigenvalue M) and of
reflection in the production plane. (eigenvalue BPN). The letters.      ,
S, P, D refer to £ = 0,1,2.

-**)  In , :the region below m      =  1.4  GeV we havd investigated systematic,ally.24  ,.....37Tpossible contributions ftom all partial waves with J 5 3, any all·owed '· ·          4
Mr· , with decay modes into EN, PA, fA with all allowed values.of .2 5 3,.

.'
***) If the target proton is unpolarized and the polarization of ,the:·recoil:

P.roton not«measured, parity co.Rservation.·'requires   thet absendd-:df'q: density'.: '·. :·
ma.trix elements between states-·of,8pposive n (i.e. opposit'e e'ikenvaluts
under reflection in the productibn plane). A t-channel exchange of a
particle X or a Regge pole with natural (unnatural) parity  ·  P.1                  a =. p..(-)JX = +1(-1) contributes at· high energies only to the pr bduct:ion: A \

4              of states With n = a.  The n = -a amplittides vanish for·M = 0 indepen-
dent of energy, for Mt 0 they are supressed by a factor (C(COSS@t)-1 9-S-1

(unnatural) parity exchange is  ·either exact or quite accurate in this L.
relative to the n=G amplitudes. Thus identifying n= +1(-12.-:with na,tural

,experiment (Ref. 8).
=
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iv) The interference between all pairs of partial waves is found to be
1

1                    essentially maximal, suggesting that one of the four possible ampli-
3

tudes (proton spin-flip, n = +1;  proton non-flip, n = 11) dominates.
:,

R
  This circumstance makes it possible to determine the relative phase
.

3                    between different partial waves with reasonable precision."*
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Table 1

Events used for the analysis

Running period April 1971  June 1971  June 1971  June 1971  October 1971

Incident momentum [GeV/c]         40          25         25         40          40

Momentum transfer [(Gev/c)21 0.17-0.33 0.17-0.33 0.10-0.33 0.10-0.33 0.04-0.33
 C)

Number of raw triggers 549,800 446,800 410,050 288,550 349,000                  i

Number of JA events 15,200 15,800 15,550 10,000 15,030

.

0*4'6
M .

".1. ,
0

ME
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T                                              Table 2
'1

Parametrizition of the A+A--amplitude with spin S 9.

3                                                                                                              AS (s 1 )    =    (m    -   s l    -   ims Y s) -1

c  ,2S+1 m
A.                                                                                                                                                                                                                                                SYs(sl, = r. lili    -

b lqO J     /FI*
9.

YI

4                                 S      Name of       m        r
M                                                  ·SSi                                       resonance

[MeV]  [MeV]
7
t3                                              0            € 760 400
-

1 1         p 769 138
"                                                                                                                                                  -
I..

2         f 1265 154
s
4

-.„;                         »
;
4                         

         +

The E and p parameters·are from fits to our data,
the fo parameters are from the literatureg).  An

*                        altogether different parametrization of the S=0E                                                                                                                                                ..
propagator, based on recent A-A+ scattering results

10)

1     -- has also been tried, with no significant changes in
                          any of our results.
.i.                                                             .-

1'

t.
I

9:

A

A

.'

f.
...   W

1
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Table 3

.

Slope b of differential cross-section da/dt, integrated cross-section a and
exponent n of the energy dependence for the reaction 1-p + A-A-A+p versus

3A mass.  The bystematic.irrors are given in parentheses.

25 GeV/c                      40 GeV/c 11-40 GeV/c

mba            bo             n
3A

[GeV] [Gev/c-2] Cub] [GeV/c-:J [Ub]
[C =p.n 7
L     lnCJ

0.8-1.0  14.3 + 0.8  36.6 + 3.3 (3.7)  14.9 .+0.6 37.3 i 2.2 (3.7) -0.31 + 0.11

1.0-1.1  11.7 + 0.5  51.6 i 3.6 (5.2)  12.6 + 0.5  50.9 + 2.3 (5.2)
,-0.29 + 0.10 :-1

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)  -
, -0.2 9   +   0.1 0

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)  1
>-0.42 +' O.11

1.5-1.6 6.2 f 0.6  35.3 + 2.1 (5.2) 7.2 + 0.5  33.2'+ 1.5 (3.4) J

1.6-1.8 6.6.t 0.5 80.9 .+ 3.8 (11.0)  7.2 + 0.3 72.5 f 2.1 (7.4)
,-0.50 + 0.11

A'b 1.8-2.0  '5.* + 0.6  48.5 +.3.2 (7.0) 5.6 +0.6  44.0 2 2.1 (4.6-.
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3

Fig. 1 :   Acceptance of the magnetic spectrometer for the reaction                     f

7r-p + Tr- -Tr+P.

'         t
Fig. 2 :   Mass spectra measured at 40 GeV/c:

a)  m   in the interval 0.04 < |t| < 0.17 (GeV/c)2,
1

3ir

           corrected for acceptance,

b)  m   in the· interval 0.17 < |t| < 0.33 (GeV/c)2,-37T

corrected for acceptance. Events with mlT+ _ in the p
.

i.

band (0.665 < m < 0.865 GeV) are dashed.
FT+7T-                                                      1

5.

c)  m +1-  combined data, not corrected for acceptance.              
        4.Y

t

d)  m -1-  combined data, not corrected for acceptance.            
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Fig. 3   :   Slope b of the differential cross-section dc/dt versus 3N ..4

mass at 25 and 40 GeV/c.
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Fig. 4   :   Integrated cross-section of the reaction 1-p + 1 1 A p 
as :/.*.

a function of incident momentum and 3A mass.  Solid lines

are 9-e results of the fit described in the text.

Fig. 5 :  Mass dependence of different partial waves at 40 GeV/c.                  1-

The notation used for the 31 states is:  J £MU

JP ... Spin and parity,                                                     I
9

rd                                                           2            fM  ... 3   component of J in the Gottfried-Jackson system

1 ... angular momentum of (TTTL) 0 - Tr decay, of the 37r system,

n ... eigenvalue of reflection operator in the production
i

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