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Abstract: We develop a formalism concerning the four-pion decay of a resonance including iden- 
tical particles. A simple test based on this formalism when applied to new high-energy data 
on the reaction 7p ~ p'p ~ n+n+~r-n-p yields strong evidence that p' is a vector meson (1 - ) ,  
although in the data examined we cannot exclude another possibility, JP = 2 +. 

1. Introduction 

In this paper we develop a formalism relevant to the four-pion decay of  a resonance 

including identical  particles. By means o f  a simple test based on this formal ism and 

with  new higher  energy data we obta in  strong evidence that  the recent ly  discovered 
four-pion resonance*,  called p '  as in ref. [4], wi th  a mass o f  ! .6  -+ 0.1 GeV and a 

width  o f  0.5 -+ 0.1 GeV [2] in the react ion 

7P ~ 7r+Tr+n-n- P (1) 

is a vector  meson ( 1 - ) .  All o the r  choices for the spin-parity,  namely  0 -+ , l +, 2 -  and 

higher spins are ruled ou t  wi th  the excep t ion  o f  2 + which is possible but  appears 

unwarranted  in the data  examined.  

The data  used are f rom the general p h o t o p r o d u c t i o n  exper iment  carried out  at 

the S tanford  Linear Acce le ra to r  Center  using the 2 m streamer chamber  wi th  a hy- 

drogen gas target exposed to an 18 GeV bremsstrahlung beam. The exper imenta l  pro- 

cedures [6], analysis o f  the react ion 7P -+ rr+rr-P [7] and o ther  aspects o f  react ion 

(1), ref. [8], have been described elsewhere. The present  analysis deals wi th  1256.9 

weighted (979 raw) events  o f  the react ion (1) at incident  energies in the range 

9 - 18 GeV corresponding to the total  cross section o f  4.4 ± 0.2 pb,  which is approx- 

imately  cons tant  th roughou t  this energy range. 

* First indication for this resonance was obtained by Davier et al., refs. [ 1, 2] in the preliminary 
data of the experiment described here: Since then two other experiments have obtained sup- 
porting evidence, namely Barbarino et al. [3] in the reaction e+e - ~ 4rr and Bingbam et al. [4] 
in reaction (1) at 9.3 GeV with a linearly polarized beam. A theoretical implication of this meson 
has been discussed by Bramon and Greco [5]. 
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2. Formalism 

We consider a resonance R with spin-parity ]~ decaying into p°Tr+Tr - with subse- 
quent decay o f p  ° into 7r+Tr - as in fig. 1. In the rest frame o f R  l e t R  i stand for the 
rotat ion giving the orientation of  the three-particle final state pTrTr with respect to a 
standard one and similarly in the rest frame of p let S i be a rotation giving the two-par- 
ticle final state from the decay o f p .  To specify R i we need three (Euler) angles, 
whereas for S i only two angles. Let w i be a set of  three (Dalitz) variables, e.g. pion 
energies in the R rest frame, which are further necessary to fix tile four-particle final 
state up to rotat ions R i and S i. The subscript i refers to one for the four diagrams of  
fig. 1 arising from interchanges of  identical particles. 

Now the amplitude for the decay of  R from an angular momentum eigenstate 
(j, m) can be writ ten as* 

M m = ~ Bkx(Wi)Df2k (Ri)D1;  (Si) , (2) 
ikX 

where X is the helicity of  p, k is the projection of  the angular momentum/" onto an 
analyzer axis w (defined later), m is the same onto a standard axis z, and the index 
i runs through the four diagrams of  fig. 1 so that the total amplitude is symmetric 
with respect to interchange of  identical particles. 

The eq. (2) is a usual result and if the width o f p  were narrow or the data were 
predominantly in the p non-overlap regions o f  the Dalitz plot, then for these events 
we could identify a unique pair of  pions in the p band and consequently avoid the 
problem of  symmetrization.  In practice the p has a wide width and the mass of R 
is so low that it is of ten even kinematically impossible to identify a unique pair of  
pions ascribable to p. Thus we are forced to the fully symmetric amplitude of  eq. (2), 
which unfortunately does not even tell what angular distributions to look at. We 
solve this problem in the following way. 

Let R be any rotation of  the three-body final state pTrTT. Because we are dealing 
with a group, r o t a t i o n s R -  1 andR  IR i (denoted r i henceforth) exist so that using 
the representation property of  the D-functions we can rewrite eq. (2) in the form 

M,n = ~ A lD]m*l (R ) , (3) 
l 

where we have defined amplti tudes 

A l = ~  Bkx(Wi)Dl;  (Si)D~I k (ri).  (4) 
ikh 

* To make the description more transparent we write D/tn k (R) meaning the customary Wigner 
D-function notation Dlrn k (c~#3,) where the Euler angles c~t37 parameterize the rotation R. Eq. (2) 
follows from the basic formalism as described, for example, in re/. [9]. A hint for how to pro- 
ceed further was obtained from re/. [10] dealing with A 1 decay. 
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E1 = ( t ° a , w 2 , ~ 3  ) "~2 = ( to3,t~2"w1 ) 

R ~ R 

NW 
~ ' k - ~ 4  rta 

Fig. 1. Four diagrams of p' decay into rr+Tr+rr-~r - arising from permutations of identical particles. 

The reduced ampl i tudesA l depend on  five (three Dalitz and two angular) variables 
which are necessary to fix the four-body final state up to rota t ion R.  

Among  many  choices ( c o n t i n u u m ! )  that are possible for the rota t ions  R and R i 

we make the following choices because they turn  out  to be more suitable for our 

application.  In  the rest frame of  R let e i for the uni t  vector along 7r i. We define the 
axis w to be a un i t  vector bisecting e 1 and e 3, and o to be the normal  to the plane 

conta in ing e I and e3,  and obviously u to be • X w. R is the rota t ion which, when  
applied to the s tandard axes x,  y ,  z, gives the analyzer (or body)  axes u , u ,  w jus t  
defined. That  is in terms of  Euler angles ~ ' ) ' ,  R is such that  c~/3 are the azimuth and 

polar angles of  w with respect to x , y ,  z and 3' is the angle of  final ro ta t ion  about  w. 
Similarly the ro ta t ion  R 1 is specified by choosing the analyzer axes w 1 ,, e l ,  

o 1 = e 1 X e 2 normalized,  and u l = u 1 × w 1 . The remaining r o t a t i o n s R 2 , R 3 ,  a n d R  4 
are then obta ined  by appropriate  interchanges 1 ~ 3 and/or  2 '+ 4 as indicated in 
fig. 1. 

Once R and R i are given, the rotat ions r i follow from the geometry .  Prameterizing 
r i in terms of  Euler  angles ai ,  ~i and 7i we find that  the above choices for R and R i 

imply 

o~ 1 = o~ 3 = 0, ot 2 = o~ 4 = 7r, (5a) 

/31 =/32 =/33 =1~ 4 = 0  , (5b) 

where 20 is the opening angle be tween  e I and e 3, and 

71 = t a n -  1 (e 1 X e2) • e 3 
(e I X e 2 ) -  (e 3 X e l )  (5c) 
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with the rest of  7i, s obtained by making corresponding permutations of  particle in- 
dices in eq. (5c). 

The p decay is treated as usual. We take in the rest frame of p one of  the pion 
momenta to be the equivalent w axis. The relevant rotation S i is then parameterized 
by teh azimuth and polar angles ~i and Xi, with the corresponding angle 3' taken to 
be zero. 

The definition o f  the standard state or the choice of  the standard axes, x , y ,  z are 
likewise free to some extent. For the decay of  R we choose them to be the s-channel 
helicity axes, that is, z is along the direction o f  R in the overall c.m. (or opposite to 
the outgoing proton in the R rest frame),y is the normal to the production plane, 
y×  z, and, of  course, x i sy  × z. With this choice the meaning o f m  in eqs. (2) and 
(3) is the helicity of  R. Similarly for the decay of  p, z is taken to be along the direc- 
tion of  p in the rest frame and y normal to the p production plane so that 7 in these 
equations stand for the helicity of  p. 

The emission of  p is analogous to radiative transitions in nuclear physics. And thus 
it is convenient to introduce amplitudes 

Lk(Wi, Si) = Bko (wi) dlo (Xi) , (6a) 

Ek(Wi, Si) = [Bkl (Wi) - B k l(Wi)]cos ~idlo(Xi ) , (6b) 

M k(wi, Si) = [B k i(wi) + Bk_ 1 (wi)] sin d~ i d~o(Xi), (6c) 

in terms of  which eq. (4) can be written as 

A 1 = ~ (L k + K k + iMk) Z ~ ( r i ) .  (7) 
ik 

As apparent in their definitions the electric (Ek) and magnetic (Mk) amplitudes give 
rise to a transversely polarized p, whereas the longitudinal ones (Lk) give rise to a 
longitudinally polarized p. One can now show that parity conversation implies* 

(L ,E)  k = e ( 1 )  k ( L , E )  k ,  (8a) 

M k = e(--1)k+lMk ' (8b) 

where e stands for r / ( -  1)1". 
Finally the last D-function, a geometrical factor, appearing in eq. (7) may also be 

treated in a similar manner. Substituting eq. (5) and recombining terms we define 
amplitudes with a definite parity property in the following way: 

E~l= ~ ( E o d { o ( O ) +  ~ eilai[Ekd{k(O)+E_kdl_k(O)]coskTi],  (ga) 
i - k>0 

* With our choice of the standard axes parity conservation implies B_k_ h = e(- l ) -k-hBkh as 
discussed in ref. [8]. Eq. (8) follows simply from this result. 
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E 1 = ~  ~ e (l~i [Ekd~'k(O )-E_kd[_k(O)]  sin kTi,  (9b) 
i k>0 

and likewise for the other types of  amplitudes. Eq. (7) can now be written as 

A l = (L[ + E ~ -  M1)+ i(L 1 + E 1 + M~).  (I 0) 

For a given type + and - amplitudes behave like opposite parity objects. Using eq. 
(8) it is seen that parity conservation implies 

(L +, E+ ,M- )_ I  = e(-1)I (L +,E+,M-)I  , (1 la) 

( L - , E - , M + ) _ I  = e(-1)/+1 ( L - , E - ,  M+)l . ( l l b )  

The angular distribution can now be written in a standard way as 

_ i* BW 2] + I ~ [Al[2pmnDm l (c~30) D/n/(C~/30) , (12) 
Oa~cos/3 4rr mnl 

where we have introduced a density matrix p for the production of  R. In particular 
- ~ and all assuming s-channel helicity conservation, that is, taking P l l  = P -  1 - 1 - 

other diagonal elements zero, the cos/3 projection takes the explicit forms 

3 W (x) = ~ [a0( 1 - x 2) + ~1 (1 + x2)] , (13a) 

W(x)---s 4 [a03x2(1 - x  2) +a1(4x4 - 3x 2 + 1) +a2(1  -x2 ) (1  +x2)] , (13b) 

W(x) = ~  [a03(1 -x2) (5x  2 -  1) 2 +a1½(225x 6 -  305x 4 + 11 lx 2 + 1) 

+ a25(1 - x 2 ) ( 9 x  4 - 2 x  2 + 1) +a  3 ~ ( 1  -x2 )2 (1  +x2)] , (13c) 

for/" = 1, 2 and 3 respectively, where we have written x for cos/3 and a l for IA/I 2. In 
the above expression the absolute square of  amplitudes can be taken as 

a l = DIll2 = IL; + E ; -  M / I  2 + ILl  + E / +  M;I 2 (14) 

without the cross term because the latter is odd in 1. In addition because of  the nor- 
malization these decay parameters may be taken to satisfy 

J 

a 0 + 2 ~  a l = l .  (15) 
/,>0 

Thus far we have only pursued the consequences of  rotation invariance and parity 
conservation. In order to apply this formalism to the data in its full extent further 
assumptions are necessary. In particular one has to specify how the amplitudes like 
Bkx(wi) depend on the Dalitz variables w i. This dependence will certainly involve 
various momenta raised to some powers (related to the orbital angular momentum) 
having to do with the relevant decay vertices as well as the (Breit-Wigner-like) propa- 
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gator for p. Only after such model assumptions are made can one proceed to calculate 
the sum over the four diagrams of  fig. 1 as in eq. (9). 

We note however the following simple feature in our formalism giving rise to a 
model-independent test for the spin-parity. As implied by eq. (5c) and momentum 
conservation every sin 7i = 0 for events for which all four pions are in one plane. Con- 
sequently because of  eq. (9b) all - type amplitudes vanish for these events. In addi- 
tion due to the sin ~b i factor in eq. (6c) magnetic amplitudes vanish so that only L + 
and E + amplitudes can lead to coplanar decays. Thus as implied by eq. (1 la)  the 
presence of  l = 0 term in the cos/3 distribution for coplanar events will rule out  the 
spin-parity series with e = - 1 ,  i.e. 0 - ,  1 +, 2 - ,  . . . .  This indeed happens to be a 

useful test in our data as we show in the following. 

3. Data 

The reaction (1) in the energy range 9 - 18 GeV is dominated by the production 
of pO and A ++ to the extend of  about 60% and 25% of  total, respectively. As dis- 
cussed in ref. [2] the mass histogram (fig. 2) of  the four-pion system in this reaction 
exhibits a broad enhancement which is centered at 1.6 + 0.1 GeV and has a width of  
0.5 + 0.1 GeV. That this p '  decays essentially all to p°n+n- events is evldent from 
the shaded spectrum of  fig. 2, which corresponds to events involving at least one p 
(defined by the mass band 0.68 ( m(n+rr -)  ~ 0.84 GeV). To emphasize this p '  effect 
we also show in fig. 2 the peripheral pnn phase space taking into account the forward 

i t 

[ ]  ALL 1256.9 (979r( lw) e v e n t s  

40 [ ]  piN 784.3 (619raw)events  

g 
z 

o/[1 
12 1.6 2,0 2.4 2.8 3.2 3.6 4.0 4.4 

M41 ~ (GeV) 

Fig. 2. F o u r - p i o n  mass  d i s t r i b u t i o n  in "rP ~ zr+Tr+~r-~r-P a t  9 - 18 GeV. The  shaded s p e c t r u m  
cor re sponds  to  events  invo lv ing  at  leas t  one  p. The s m o o t h  curve is a pe r iphe ra l  phase  space for 

3'P ~ 01r~rp as desc r ibed  in the  t ex t .  
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(b) 
1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4 
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Fig. 3. (a) Four-pion mass distribution of events in the p O  za++ overlap. (b) Four-pion mass dis- 
tribution of coplanar pnn events. 

peaking in the proton-proton momentum transfer (characterized by the exponential 
slope ofB = 4.85 -+ 0.34 GeV 2 up to t - / m i n  = - 0 . 6  GeV 2) and the experimental 
bremsstrahlung distribution for the incident photon energy. 

For the subsequent analysis we take as p'  events all pTrTr events with the mass be- 
low 2 GeV*. For these events there is little interference from A ++ since the latter is 
mostly associated with higher four pion mass as seen in fig. 3a, which is the four pion 
mass histogram of events in the po A ++ overlap (where the A ++ band is defined 

by 1.16 <m(pTr  +) < 1.32 GeV). 
As shown in fig. 4 the differential cross section for the production of p' is strongly 

peaked forward and is well characterized by an exponential of the form below in 

practically the entire data region** 0.02 < - t  + tmi n < 0.6 GeV 2, 

d~(Tp ~ O'p) = d~ e x p [ B ( t - t m i n ) ] ,  
tmin 

where t is the photon to p'  momentum transfer and tmi n its kinematic minimum• 

* We allow a generous cut for p' events. Because of the severe coplanarity cut subsequently 
applied we expect the effects of background and other processes to be negligible. 

** The data point below 0.02 GeV 2 has been excluded because of the possible scanning bias as 
discussed in ref. [7]. 
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Fig. 4. Differential cross section for ~,p --* P'P at 9 - 18 GeV. The line shows the exponential fit 
as described in the text. 

The data yield 

d~tt = 6.05 +- 0.75 /2b 
min GeV2 ' 

B = 7.56 +- 0 .70GeV - 2  . 

The slope B is similar to that of  the p product ion in the same energy range [7] and 
essentially all p '  data have momentum transfer below 0.6 GeV 2 so that the assump- 
tion of  the s-channel helicity conservation also in p '  product ion appears reasonable. 

In fig. 5 we show the Icos Xl distribution for p '  events where X is the angle be- 
tween the planes containing two negative and positive pions respectively 
(cos X = (e 3 × e l )  • (e 4 × e2) divided by norms in the same notations as earlier). It 
is clear that the p '  decay is dominant ly  coplanar. To apply the test proposed in our 
formalism we select events with lcos Xl greater than 0.9 and examine the cos/3 dis- 
tr ibution o f  these events (amounting to 46% of  the total). The corresponding 4o 
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Fig. 5. (a) Distribution of absolute value cos 7, for ,o' decay, where ~. is the angle between the 
planes containing two positive and negative pions respectively. (b) cos [3 distribution for coplanar 
O' decay. The curve shows the fit of the expected form for 1- .  

mass spec t rum is shown in fig. 3b. As seen in fig. 5b the cos/3 dis t r ibut ion exhibits  a 

characterist ic sin2/3 te rm so that  in part icular  the spin is not  zero. We obtain  a good 

fit o f  eq. (13a) f o r / =  1 with the fol lowing value o f  the decay parameters* 

a 0 = 0.58 + 0.15. 

As discussed earlier the presence o f a  0 ( or  the sin2/3 term) implies that  the spin-parity 

cannot  be 1 +. The data does not  warrant  higher spins but  i f  we insist then we get for 

/ = 2 * *  

a 0 -- 0.23 + 0 . 1 3 ,  a I -- - 0.06 + 0.07 (must  be 0). 

Again non-vanishing a 0 rules ou t  2 - .  The c h o i c e ]  = 3 turns out  to be bad, because it 

gives rise to unphysical  values for these parameters ,  namely  

a 0 = - 0 . 7 9  + 0.33,  a 1 = - 0 . 2 0  + 0.16, a 2 = 1.27 + 0.47 (should not  exceed½) .  

Thus taking advantage o f  the preferent ia l ly  complanar  decay of  p~ into pnzr and 

making the consis tent  assumption o f  the s-channel hel ic i ty  conservat ion we obta in  

f rom our  data strong evidence that  p '  is a vec tor  meson.  This result supports  the 

findings o f  o ther  exper iments .  In the e+e - annihi lat ion [3] the spin-parity assignment 

* In fitting eq. (13) to the cos ~3 distribution the last decay parameter a] was constrained to 
satisfy eq. (15). For]  greater than one we, of course, used finer binning than shown in fig. 5b. 

** For instance, as seen in eq. (13b), a conspicuous dip at x = 0 (or large ao) would have estab- 
lished the spin-parity to be 2 + . 
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of 1 - for  p '  fol lows,  if one  assumes o n e - p h o t o n  exchange ,  and in the 7P e x p e r i m e n t  

[4] ut i l iz ing the l inear  po la r i za t ion  of  3' the same conc lus ion  is reached,  if  one assumes 

t ha t  p '  is p r o d u c e d  conserv ing  the  s -channel  he l ic i ty  (as was done  in our  analysis)  and 

in add i t i on  the  f inal  s ta te  pnTr is d o m i n a t e d  by  the  t w o - b o d y  state  po,  were o is an 

s-wave isoscalar  nn state.  
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