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Abstract 

The results of the spin-parity analysis of jjp -+ 2a+2C annihilations at very low momentum p (= 50 MeV/c) are 
reported. To describe the data the production of the p,f,,a, and a, mesons and the presence of the err interaction in 
S-wave (the u term) in the final state are necessary. The best fit solution requires also the presence of a p’ state of mass and 
width M = 1.282 f 0.037, r= 0,236 + 0.036 GeV/c2 and of a heavy pion mr(1300) of mass and width M = 1.275 f 0.015, 
.T- 0.218 &- 0.100 GeV/c’. The measured fraction of the initiation cross section into 27r+2K is (7.61 f 0.35). 10W2. 
0 1997 Elsevier Science B.V. 

In this letter we present the spin-parity analysis of 
a sample of 31,157 annihilation events jp + 
2~+27r- taken in flight at 50 MeV/c momentum 
is. ‘Ibis very low incident momentum has been ob- 
tained from the 100 MeV/c j? primary beam of the 
CERN Low Energy Accelerator Ring (LEAR). The 
full description of the experimental layout and of the 
techniques used for the meas~ements at low mo- 
menmm are well described in 111, while details on 
the dam selection can be found in [Z]. Starting from a 
total of about 3,800,000 events in flight, we ex- 
tracted 31,157 events accepted by the 4C kinematical 
fit to the T+ T- T’ 7~~ hypothesis at the 5% confi- 
dence level. By Monte Carlo it is possible to evalu- 
ate a background contribution less than 1% due to 
the rf T- rf Y T ’ reaction. 

Tbe only existing data comparable with the pre- 
sent ones are the 6,665 pp + 27r+ 2n- annihilations 
at rest of Diaz et al. [3], taken about 30 years ago 
with a liquid hydrogen bubble chamber. In that work 
the spin-pity analysis was performed by assu~ng 
only “S, and 3S, j?p protonium initial states. How- 
ever, from the ensemble of the existing data on pp 
annihilations at rest it turns out that the percentage of 
protonium annihilations in P-waves in liquid is larger 
than 10% (see [4] and references quoted therein). 

The annihilation at a jj momentum of 50 MeV/c, 
instead, comes mainly from S-wave, with a P-wave 
contribution less than = 4% (see [ 1,561 and refer- 
ences quoted therein). Moreover it is easy to show 
that, if one neglects the P-wave, the singlet and 

triplet S-wave states do not interfere, so that the 
spin-parity analysis of low momentum jj atmibila- 
tion follows the same formalism used for the proto- 
nium annihilations [7]. 

The value of the jp + 2rr+ 2~~ partial cross 
section at (52.9 f 2.8) MeV/c jj momentum is cal- 
culated using Eq. (1) of C I], giving a value of 
o an” = (62.7 rrt 2.7) mb, Dividing this value for the 
total iip collation cross section measured at the 
same incident momenmm and reported in [I], we get 
a ratio (annihilation frequency in flight for the 
2~+2a- channel) of 

f(52.9MeV/c) = (7.61 f 0.35) . 10F2. (1) 

In this ratio between cross sections, only the statisti- 
cal errors are relevant, since the systematic ones are 
mainly due to uncertainties in the beam counting and 
factorize away. 

collations at 50 MeV/c are expected to occur 
from a statistical mixture of singlet and triplet S-states 
[ 1,5]. The measured 27r+ 27r- inflation frequency 
can be compared with the same quantity measured at 
rest in LH, by Diaz et al. [3], where S-wave annihi- 
lations should dominate: (f(LH,) = 6.9 3_ 0.6 . 
10-2). The two values are rather similar. If one 
neglects P-wave annihilations, this observation could 
support the conclusion, obtained in [4], that the ratio 
between spin triplet and spin singlet annihilations is 
essentially independent of the target density and is 
very close to the spin statistical ratio 3: 1. 



The annihilation into four charged pions offers the 
possibility of studying the praduction of a system 
(7r+- ?YX~T~ n-1 with two dipions in relative S and 
P waves. 

The ~IJ” S-wave, known as the cr meson or the CT 
interaction, has been studied extensively in the K- 
matrix formalism in a well known work of Au, 
Morgan and Pennington (AMP) 181, and is periodi- 
cally revisited in the light of the new ex~~mental 
data. An updated reanalysis of the topic can be found 
in 191, where a fuII set of reference to earlier works is 
also given. At present, as can be found also in the 
last FDG review [IO], the isoscalar 7~7~ S-wave is 
parametrized by the coherent sum of four poles: 
f&980), &(1370), f&1500) and a pole 3Co(400 - 
1200) of uncertain mass and very large width. We 
recall also that in the earlier work of Diaz et al. [3] a 
reasonable fit was obtained using a err S-wave with 
poles at 0.8 and 1.1 GeV/c’ and a zero at 0.94 
GeV/C”. 

For what concerns the (n” rr- ) P-wave, there is 
much uncertainty about the existence of the radial 
excitations of the ~(770) resonance. Whereas the 
existence of the ~~17~~ as the 3D )?cl state seems 
well established, many analyses found another p 
state with mass around 1450 MeV/c2 [lo]. How- 
ever, also the existence of a ~(1260) state has been 
reported [ 11,121. In [IO] this state is mentioned as 
con~oversial, needing con~~atiou, Some analysis 
of the pion and rr% form factors also lead to the 
existence of a l-- state around (1.1 - 2.3) GeV/c2 
[ 13,14]. Recently, a r~~alysis af the e’e- annihiIa- 
tion in two and four pions [15] pointed to a p state 
with a mass about I.25 GeV/c’ and a width of 0.35 
GeVfi?. 

These open problems motivated our efforts for 
obtaining a sample of annihilations into four pions 
coming from an almost pure mixture of S-wave 
initial states, to make the spin-parity analysis easier. 

We analyze our data in terms of the isobar model, 
assuming the following quasi two-body decays: 

Table 1 
Final states for the 27ri 2?r- channel considered in the fits 
discussed below. The notations are from Eqs. (21, (3). Columns 
A,B,C and D indicate the list of amplitudes included in the fits of 
Table 2. The symbol P stands far the O++ (nn) isoscalar state in 
S-wave and p’ for a I-- state of high mass 

pp state Final state 1 L t, 1, A B C D 

‘%I pp 0 f 1 I x x x x 
~~(i320~,~ 0 2 2 1 x x x x 

3s, PO I 0,2 I 0 x x x x 

P’ t.3‘ 1 0,2 I 0 x x 
p.f*wm~ 1 0 1 2 x x x x 
4132O)a 1 2 2 1 x x x x 
a,f126Q)rr I 0 0 1 x x x 

[7r(1300)1,,~1 1 0 0 X 

[n~1300&,, ?I- 1 1 1 1 X 

where A and B are resonant states and L, l,, 1, are 
the two particle orbital angular momentum qu~tum 
numbers. 

We consider all the decay channels listed in Table 
1. These channels have been chosen by cons~d~~ng 
the mesons listed in the last PDG review [lo], which 
are in principle observable within the energy range 
of the (rrrr) and (rr7~rr) invariant mass spectra of 
the jLip + 21~~2r- reaction. Relative angular mo- 
menta up to L, I = 2 have been considered when 
allowed by phase space. 

The partial wave amplitudes co~espon~ng to the 
channels of Table 1 can be written as: 

-%+I) = c CCI% z~~~~~~~~q~ 
[ 

(41 
?i Ik I 

The index Jpc indicates the two pp initial states, 
the sum C, is over all the permutations among 
identical pions, c, are the isospin Clebsch-Gordan 
coefficients, the index k is over all the possible final 
states labelled by the numbers (&I, ,E, ), ak are 
complex coefficients, Z are the spin functions, Fk 
describes the energy behaviour of the decay chain 
and q denotes the set of break-up momenta of the 
inte~e~ate states of the reaction. 

The spin functions 2 are written in terms of the 
covariant Zemach tensors Ifollowing [16]), extending 
the formalism to the case of the ( @pjr system in a 
relative angular momentum I = 1. All these tensors 
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give the same spin amplitudes of the covariant helic- 
ity formalism of Chung [17]. 

The complex functions Fk are in most cases 
written as a product of Breit-Wigner functions de- 
scribing the resonances present in the decay chain, 
parametrized as in [l&19]. However we drop the 
factor qL from the centrifugal barrier term multiply- 
ing the Breit-Wigner of the K-matrix functions, be- 
cause it is already present in the Zemach tensor, 
whereas we rn~n~n this term in the de~nition of 
the widths T(m). 

The break-up momenta q(m) for the p + nr 
and f + 7~7~ decays are calculated as q(m) 

=J_ and the two body phase space is 
given by p(m) = 2q(m)/m. For the decays of a,, a2 
--) p7r we take into account the effects due to the 
decay into an unstable particle by defining the break 
up momentum q(m) = mp,(m)/2 through the gen- 
eralized phase space integral [20]: 

and BW,(m) is the Breit-Wigner function for the p 
meson normalized over the available phase space. 
The function p&m) obtained in this way is practi- 
cally identical to that used by Bowler [21] in the 
study of the a, decay. 

The function Fk of Eq. (41, in the case of the rr~ 
S-wave interaction (the r term), is parametrized in 
terms of the K-matrix formalism [ 181. Following the 
N/D method, it is possible to write the cr interac- 
tion in the form [22]: 

where s is the invariant mass squared of the rrrr 
system, and p, and p2 are the two-body phase space 
factors for the decay into rrr and KE. 

The denominator has the poles of the rrrr ampli- 
tude, whereas the numerator contains the complex A 
parameters which take into account the effects due to 
the pp production process, coupled directly to a a~ 
intermediate state (the term with A, and A,> or also 
through a KE intermediate state (the term with A,). 
In our fits the A parameters are left free. The N/D 
method is physically equivalent to the P-vector ap- 
proach [ 181 and the two p~~e~zations give consis- 
tent results [23]. 

Finally, we treat the overlap of the p and p’ 
resonances, which have the same spin-parity and the 
same partial waves, by writing the function Fk of 
Eq. (4) as a 1 X 1 K-matrix [18]: 

Fpp,( m) = “” 
1 -iP(m)K,,~ ’ (6) 

where 

and mi,ri,p(mi) and qi are mass, width, two-body 
phase space factor and break-up momentum of the 
two p’s The centrifugal factor B, is defined in [17]. 
We drop also in this case the factor q from the 
P-vector, because it is already present in the Zemach 
tensor. The parameters pi are left free during the fit. 

We write the decay intensity as an incoherent sum 
of the two S-states amp~tudes of Eq. (4): 

W(a) = ~‘s,/ALS,(~)I~ + (1 - +,)tft)s,(q)12 (7) 

where aIs, and (1 - u’,~) are the fractional contribu- 
tions of these states (0 I aIS0 5 1). 

The intensity of Eq. (7) has been fitted to the data 
minimizing event by event the function - 2 lnL, 
where L is the likelihood function: 

In the formula NeXp is the total number of in flight 
events, Wj is the event by event amplitude and the 
integral is evaluated over a Monte Carlo sample. 

The minimization is performed using the MINUIT 
package [24]. The Monte Carlo sample is at least 
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three times larger than the measured data sample; it 

is obtained with the GEANT package [25], taking 

into account our apparatus acceptance and all the 
cuts applied to the real data during the analysis. The 

chosen Monte Carlo statistics is the best compromise 

between accuracy and computing time. Indeed, in 

some cases we repeated the fit using a Monte Carlo 

sample about six times larger than the measured data 
sample: the best fit parameters so obtained are fully 

compatible with the ones we get with the smaller 

MC data sample. 

Inspired by the earlier bubble chamber result [3] 
we began the fit to the data with the simplest ampli- 

tude, obtained by hopping the a,, p’ and P( 13001 
~on~butions from the list of Table i (see columns A 

of Table 2). Since the main contribution to the 

amplitude comes from the pa production, we inves- 

tigated at first the dependence of the fit results on the 
form of the assumed (rrrr) S-wave amplitude. 

Comparing the fits we refer to the quantity A, 

defined as the difference in - 21nL (see Table 2). To 
have an help in choosing the physical hypothesis 

which reproduces better the data, we also look to a 
set of ten one-dimensional projections of the five-di- 

mensional phase space. As an intuitive indication on 

the goodness of the fits, in Table 2 we report a 
pseudo-x’ per degree of freedom ( X& ) defined as 

the sum of the chi squares of each projection: we 

note, however, that the value of this pseudo-x’ 
strictly depends on the chosen histogram set. The 

optimum pseudo-x 2, evaluated on Monte Carlo data, 

analyzed with the same amplitude used in the simu- 

lation, is x& = 0.94. 

In Table 2 it is possible to compare the results 
relative to a fit performed using the “K,” (1~~1 

S-wave amplitude of Au, Morgan and Pennington 
(AMP) [8] (fit A, and Fig. la) with those of a fit 
based on the amplitude of Amsler et al. [26] (fit A, 
and Fig. lb). The fit of Fig. la fails completely to 
reproduce the deep around 1. GeV/c2, which is on 
the contrary better reproduced in Fig. lb. 

The AMP amplitude fits the meson-meson scatter- 
ing data and contains three narrow poles, a large pole 
around the i?K threshold and a pole at about 1.5 

GeV/c2. The amplitude of Amsler et al. [26] is 
obtained by including in the fit also the recent 

Crystal Barrel ijp -+ n-07.ro~o annihilation data taken 
at LEAR. We obtained results equivalent to those of 
fit A, also with the amplitudes of Anisovich et al. 

1221 and with the k-matrix solution obtained by us 

Table 2 

Results for the Fp --t 27ri2Y fit and percentages of different final states. The percentages are normalized to 100 for each of the two iip 

initial states, whose relative weight is also given. Fit A,: (T from AMP [S] and amplitudes of column A of Table 1. Fit A,: CJ from [26] and 

amplitudes of column A of Table 1. Fit R,: D from [26] and amplitudes of column B of Table 1. Fit B?: CT from [26] and amplitudes of 

column B of Table 1, po mixing for the pp and pn final states and pa production in L = 2 angular momentum. Fit C,: as fit B,, 

introducing a p’ state with M,T free. Fit C,: as fit C,, introducing a p’ state with M,lr fixed to values of Particle Data Group [lo]. Fit 

C,: as fit C,. using (T from [33]. Fit D: rr from [33] and amplitudes from column D of Table 1. For brevity only the errors of the better fits 

are reported 

Final 

PP 
az?r 

8 weight 

Al A? Bl Bz Cl C? C, D 

22.5 44.3 43.8 43.2 39.2 i- 1.5 38.2 f 1.4 41.1 + 1.5 42.0 + 1.6 

77.5 55.7 56.2 56.8 60.8 + 1.5 61.8 rt 1.4 58.9 + 1.5 58.0 + 1.6 
22.5 22.2 21.8 20.0 20.6 i 0.5 19.7 & 0.4 20.3 + 0.5 19.9 & 0.5 

3, P5 66.0 92.8 86.7 91.0 53.2 + 0.8 58.6 $0.7 52.4 + 0.7 49.6 f 0.8 

Pb- - - 14.1 * 0.2 9.5 i 0.1 16.5 + 0.2 15.6 i 0.3 
Pf2 32.5 6.6 7.6 7.3 19.1 + 0.8 21.9 IO.7 19.0 + 0.8 19.7 & 0.8 
U?X 1.5 0.5 0.3 _ 

a,= _ 5.5 1.6 13.6 f 0.8 10.0 f 0.7 12.1 _+ 0.8 13.6 & 0.9 

x*rr _ _ _ 1.4 * 0.7 
% weight 17.5 77.8 18.2 80.0 79.4 + 0.5 80.3 i: 0.4 79.7 5 0.5 80.1 + 0.5 

-21nL 18726 21624 21920 22321 23332 23112 23463 23580 

p seudo-x2 4.6 2.4 2.2 2.0 1.8 1.9 I .8 1.7 
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GeV/c2 

Fig. 1. ‘pr+~- invariant mass: comparison between experimental 
data (points with error bars) and theoretical am~Ii~de (histo~}. 
(3 Results of fit A,, (bb) Results of fit A, (see also Table 2). 

by fitting our j?p --) g+ r- TO LEAR data [Z?]. The 
common characteristic of these amplitudes is the 
presence of three poles corresponding to the f,(980), 
fO( 1300) and f& 5~~ resonances. 

The fit of Fig. lb is still not satisfactory for what 
concerns the shape of the ~‘(770) peak and of the 
lr+?r-?r + invariant mass spectrum. We decided 
then to include in the fit the at production (list 3 of 
Table 11, which is seen in the s-+ rr- 7r * invest 
mass spectrum as a large shoulder around 1.2 
GeV/c2 on the left of the a,(13201 peak (see Figs. 
2b and 2d). The a, parameters have been fixed at the 
PDG values [lo]. Although the a,(12601 state has 
never been observed in ~nihilation, its inclusion 
slightly improves our fit (d = 296, between fit A, 
and B, in Table 2). 

The fit of the p” peak in Fig. lb can still be 
improved taking into account the p-u interference 
and the pa production in L = 2 angular momentum. 

The p-o interference arises from the G-parity 
violating electromagnetic mixing of the o” and p” 

states [28-303. This effect has been introduced as a 
modified p-w Breit-Wigner function parametrized as 
in [27,31,32]. The fit assigns to the decay ratio 
(07r+r--+ 2~f2~-)/(p7r+7r--+ 2n+2rr-) a 
value of (0.22 f 0.05) and the likelihood shows only 
a small improvement (A = 112) with respect of the 
tit B, of Table 2. 

On the contrary, the per production in L = 2 
gives a sensible improvement to the fit (fit B, of 
Table 2 has A = 394 with respect to fit B,), but it 
does not signi~c~tly improve the 7rIT+ rr- invest 
mass distribution with respect to that shown in Fig. 
lb. 

At this point we included in the fit the p’ produc- 
tion associated with cr : due to the available phase 
space, this is the only channel where the p’ produc- 
tion is supposed to be relevant. 

An acceptable fit is obtained using the (rr* 7~~ ) 
S-wave of [26] and all the amplitudes reported in 
column C of Table 1. The mass and width of the p’ 

state are left free, as well as the complex pr~uction 
parameters of Eq. (7): the results of the fit are 
summarized in Tables 2 and 3, solution Ct. This fit 
gives an important improvement in reproducing the 
$’ rr- invariant mass spectrum (Fig. 2a), while the 
shape of the 37r invariant mass spectrum (Fig. Zb) is 
less satisfactory. 

In Table 2, column C, we reported the results of 
a fit with a ~(1450) state with mass and width fixed 
to the PDG values [lo], i.e. Mp, = (1465 f 25) 
MeV/c* and r,, = (310 f 60) MeV/c2. The solu- 
tion C, is still preferred to the one without p’, but it 
is significantly worse than solution C,. 

To study a possible dependence of the pt mass on 
the form of the assumed CT interaction, we repeated 
fit C, with different p~~e~zation of the (nrt) 
S-wave: the 4-poles K-matrix of [33] (see fit C, of 
Table 21 and the recent p~~et~zation of Bugg et 
al. [9], consisting in a sum of a K-matrix (reproduc- 
ing a broad background and the f0(980) as through 
the inte~erence between two narrow poles) plus a 
Breit-Wigner for the f,(1300) resonance. In our case 
the presence of the f0(1500) is irrelevant, due to the 
available phase space. 

Fit C, of Table 2 still gives a p’ state with mass 
under 1.300 GeV/c2 (see Table 3). Using a (rn‘) 
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GeV/c’ GeV/c2 

Fig. 2. Comp~son between experimental data (points with error bars) and theoretical dis~bution (~stogram). (a) v+ P- invariant mass, fit 
C, of Table 2, (b) r+ T-T * invariant mass fit C,, (c) 7r+ ?r- invariant mass, fit D of Table 2, (d) ?T+ r- r * invariant mass, fit D. 

f-wave from [9] we obtained a fit equivalent to the 
previous one C-2 InL = 234451, giving a p’ with 
mass MPC = 1.276 &- 0.023 GeV/c* and r,, = 0.251 
f 0.048 GeV/c2. The introduction of a second de- 
cay channel for the p’ doesn’t change the results of 
the fit (with a total p width of f= 0.218 GeV/c2 
we find a width in pa of Q, = 0.018 GeV/c2). 
Moreover, the fit rejects the introduction of a third 
l-- state. 

As a further attempt to improve our fits we now 
include into the decay chain the ~(1300) state (see 

Table 3 
Mass, width in MeV/c* and relative phase with the ~(770) of the 
p’ state (T-matrix poles) as obtained from fits C,, C, and U of 
Table 2 

Cl C3 D 

M,: 1248k23 1274 + 28 1282k37 
‘d 242 & 37 222 + 27 236+36 

b, PO’ 
-129CSY -(28+8) -(27&8P 

Table 1). Here we observe a significant improvement 
of the fit, mainly in the ~T+GT-Z- i: invariant mass 

distribution. The results are shown in Table 2, fit D 
and in Figs. 2c, 2d. The mass of the p’ state is still 
under 1.300 GeV/c’ (see Table 3) whereas the mass 
and width of the 7r(1300) are 

M,, L/ = 1.275 rt 0.015 GeV/c2 

Q. = 0.218 zt 0.100GeV/c2, 

The ratio between the two decay modes is deter- 
mined by the fit as (7r(1300) + ~~)/~~(13~) + 
pr) = 5.25 Lt 0.7. An idea of the overall goodness 
of fit D is given in Fig. 3. 

We remark that a fit with the ~(1300) state but 
without p’ is not satisfying, having - 21n L = 22840 
for a rr * state of mass A4 = 1.441 + 0.023 and a 
width r = 0.334 & 0.096. 

We recall also that the production of the ~(1300) 
state has been observed in the pp + 5~’ data, with 
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Fig. 3. M(v+ v- ) vs. M(rf li- 1. Experimental data are in the low left part of the diagram. The negative and positive differences (in sigma 
units) between the theoretical (fit i3) and the ex~~rnen~ scatter plots are in the upper part and in the right part of the plot respectively. 
The upper left part of the experimental diagram works as a mirror image of the down left. part. 

mass and width of M = 1.140, r = 0.340 GeV/c2 
[361. 

We note also that the exotic l-+ isovector state 
of [37,38] is not accepted by the fit, since the 
~eliho~ does not improve, the weight of the state 
is negligible and its width is reduced practically to 
zero. The ~(1670) production is also negligible. 

In summary, a satisfactory description of our data 
is achieved with fit D of Table 2. From the annihila- 
tion frequency (1) -and the percentages reported in 
that table, the absolute frequency of each decay 
channel can be obtained. We note, however, that the 
percentages are calculated neglecting the interference 
terms. 

The characteristics of our best fit solution are: a) a 
rr7r S-wave des~~bing both the rrrr s~atte~ng and 
the lip + 373. annihilation data, parametrized as in 
(5) to take into account the &J -+ Zrr+ 2a- produc- 
tion mechanism; b) a non negligible aI contribution; 
C) an a, con~bution which is relevant from the 
singlet state and suppressed from the triplet one; d) 
the presence of a pf con~bution, of mass and width 
very stable against the different parametrizations of 

the CT interaction (see Table 3); e) the observation of 
the 7r(1300) state decaying to UT (mainly) and prr. 

The main results of this analysis are probably the 
presence of the P’ and rr(l300) states. 

The p’ signal cannot in principle be identified 
with the ~(1450) of PDG, since the mass is lower 
than the quoted average [lo]. Also the value found in 
the analysis of the @z -+ =- nono ~nihilation, M 
= 1.411 + 0.010 GeV/c’ [39], is not compatible 
with our result. However, we note that the p’ mass 
value found here is lower, but still compatible (1.5 u I 
with the mass resulting from our analyses of the 
pp-’ lT+lT-?T” and Tip + nt rrt n-- reactions (M 
= 1.352 f 0.026 GeV/c2) 127,351. 

For what concerns the rr(1300) state, our mass 
and width values agree with those of PDG [lo]. We 
note also that the low production intensity reported 
in Table 2 (1.4 10.7%‘0), although small, is not negli- 
gible when eombined in interference with the other 
states. Ilowever, since this intensity is comp~able 
with that of the P-wave initial states, that have been 
neglected in our analysis, we cannot exclude that 
other solutions without the rr(1300) could fit equally 
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well the data. To solve this ambiguity, a combined 
analysis of these in flight data with data of the same 

reaction taken at rest from protonium states with 

liquid and gaseous hydrogen targets is in progress 

@I. 
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