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Abstract

A model for theyp — =7~ p reaction developed earlier is extended to
account for all isospin channels. The model includgsA (1232), N*(1440)
and N*(1520) as intermediate baryonic states and thameson as an inter-
mediate2w resonance. Although many terms contribute to the cros#osect
some channels exhibit particular sensitivity to certainchamisms of reso-
nance excitation or decay and the reactions provide nof@hiration on such
mechanisms. In particular theV' — N*(1520) — Ax process affects all the
channels and is a key ingredient in the interpretation ofidita. Comparison
is made with all available data and the agreement is goodriresthannels.
The remaining discrepancies in some other channels anesgdisg.
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1 Introduction.

There are three possible double pion photoproductioniceecon the proton, and
three on the neutron:

(a) yp—mtnp (d) yn—7trn
(b) vp— 7710 (e) yn— 7 7% (1)
(c) vp— 77 (f) yn — 77

These reactions have been extensively studied experittyantthe past ([L[R,
B.B.[%.[6,[F]). New improvements in experimental technicaes facilities have
reopened the study of these reactions at Mainz, with tworaxjeats on the proton
B, 81

From the theoretical point of view, only the reaction) has been studied with
one early model[J10] which considers only 5 Feynman diagramd a more com-
plete one [IJ1[ 12] which include¥, A(1232), N*(1440) and N*(1520) as inter-
mediate baryonic states and fhxneson as intermediaer-resonance. This model
reproduces fairly well the experimental cross sectionewédl., = 800 MeV, and
the invariant mass distributions even at higher enerdjigk [1

On the other hand, the double pion photoproduction reastionnucleons has
been recently studied at threshold from the point of view lifad perturbation
theory [IB,[IB[ TS, 16]. In ref[[]14] the authors show that thuénite chiral loops
the cross section at threshold for final states with two @épions is considerably
enhanced.

Thus, with these reactions becoming a target of new expeatahand theoreti-
cal studies, plus interesting medium effects predictedHes~, 7" 7 ) reaction in
nuclei [I7] (in analogy to those already found for ttwe 27) reaction [IB[1]9]), a
thorough theoretical study of theV — 77V reaction is timely and opportune.

In this work, we have improved the model of referericé [11¥ have extended
it to the other isospin channels of EQ} (1). Moreover, algtois not the purpose of
this paper to perform a thorough analysis of tié — 77 N reaction at threshold,
we have calculated the total cross section forfpe— 7=+7—p andyp — 7°7%
reactions at threshold energies, and compared our reghlthd result given in ref.
[[3,[I4] based on Chiral Perturbation Theory.

The model is based on the coupling of photons and pions teoaosland reso-
nances using effective Lagrangians and thus leading to @ $&ynman diagrams
at the tree level. As well as in ref| [[L1], we do not implemenitarity in the final
states, but we made an estimate of possible uncertaintigegda unitary correc-
tions for theyp — 77~ p channel.

2 Themodel for theyN — 7N reaction.

2.1 thevyp — 77 pchanndl.

For theyp — 7tn~p isospin channel we follow strictly the model of ref._J11],
with some slight modifications in th&*(1440) and N*(1520) couplings in order
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to reproduce the new branching ratios of the last Review dfdkaProperties[[Z0]
(see Appendix A of the present paper for Lagrangians andlicmugonstants), and
we have also improved th€*(1440) propagator, modifying the energy dependence
of the width to account explicitly for th&*(1440) decay into one and two pions.

We classify our diagrams in one point, two point and thre@pdiagrams, ac-
cording to the number of vertices in the baryonic lines (sge A). Our basic
components are pions, nucleons and nucleonic resonanagethdbaryonic com-
ponents we conside¥, A(1232, J™ = 3/27, 1 = 3/2), N*(1440, J" = 1/2%,] =
1/2) and N*(1520, J™ = 3/27,1 = 1/2). The N*(1440) played an important role
in the xtN — 7N reaction [1B,[19] in some isospin channels and for this rea-
son, together with the fact that thé*(1440) excited in they N collision is on-shell
for £, ~ 600 MeV, we pay a special attention to this resonance. IMi€1520)
has a particularly large coupling to the photons and provdsetan important in-
gredient, mostly due to its interference with the dominantrt of the process, the
~vN — Amr transition through the gauge Kroll-Ruderman term. Higlesonances
have a weaker coupling to photons and do not interfere wighdibminant term,
hence their contribution is small, at least for photon emsrdpelow800 MeV,
Mainz energies, where our model is supposed to work. Beaafubee important
coupling of thep-meson to the two pion system and the system we have also
considered terms involving themeson. These terms are only relevant at high
energies but show up clearly in the two pion invariant masgitutions at these
energies[[T1].

With these considerations, the basic diagrams which wedenisave the struc-
ture shown in Fig. 1. In diagram (a) and (b) the one pdi¥ 7= coupling stands
for the s-wave 7V interaction. We consider there only the isoscalar part ef th
amplitude. The isovector part is mediated pgxchange[[41] and hence it is ex-
plicitly taken into account in diagrams (f) and (h). Diagré&h contains the gauge
term NNz~ or Kroll-Ruderman term. We use a pseudovector coupling tier t
N N vertex and this allows us to consider exclusively positivergy intermediate
states in the hadronic propagatdrg [22]. In the two pointthnge point diagrams
we include nucleon and the resonances as intermediats.stébevever, while all
possible diagrams with N anti(1232) intermediate states are considered, we omit
some withN*(1440) intermediate states which are very small. For Mg 1520)
intermediate states we keep only the term which interfeidstiwve dominant term
of the amplitude £(1232) Kroll-Ruderman term). In addition, all different time
orderings of the diagrams are considered.

The diagram (g) involves a gauge tepmr~y coming from minimal coupling in
the pr vertex which contains a derivative coupling. The diagraninfrolves the
~vpr vertex which appears in the — 7 decay. Finally diagram (j) contains the
anomalous coupling3= [E3].

The Feynman diagrams considered and detailed calculatemdbe found in

refs. [11.,[IP].

In spite of the small contribution of th&™*(1440) terms in the reactionp —



n+7~p (less than 2%T11]) in order to be consistent we have revised the value of
the coupling constants involving thé*(1440) so that one may fit the new branch-
ing ratios of ref. [2P] (see Appendix A of the present papeicfaupling constants).
This updating gives us very small differences comparedédovéiiues given in ref.
[LT].

The main change appears in tNé A7 coupling constant due to the fact that in
the study of the decay df*(1440) into Ar of ref. [L1] we considered thA(1232)
as a stable particle. Now we modify this in order to take intocaint the finite
width of the A(1232). The fact that the\(1232) width is not small compared to
the mass difference between thé(1440) and theA(1232) makes this correction
advisable.

Making use of the Lagrangian (A.7), the decay width in the.csgstem of the
N*(1440) into Ax, considering the\(1232) as a stable particle (zero width), is
given by:

1 gin- 5 MA 1 4, ~ ~

F * AT — T - =< = *—E —

v = g | Byt A B )~ P
@

wherep, ma andmy- are the pionA(1232) and N*(1440) masses respectively;

p is the momentum of the outgoing pioEa(p) = /mi +p? andw(p) =
V2 + p? are theA(1232) and pion energies.
In order to account for the finit& (1232) width, we have to replace the delta
function of energy conservation in Eq] (2) by
—1 1
—1Im — — - 3
7 ™ — Ba(7) —w(7) + 3Ta(v55) ©

wherel's (,/54) is the delta decay width, angs, is theA invariant mass,/sx =
\/pOAZ —pa? (pa = (pX,pa) is the A four momentum). With this modification,

and using forl"» the expression (B.32) of ref.[JL1], we ggtn+, = 2.07 after
fitting the N*(1440) decay width intoA~ to the average experimental valu& .6

MeV)[EQql.
On the other hand, in th&™*(1440) propagator

1 mn+

A /SN* — mN* —|— %FN*(\/SN*) EN*(ﬁN*)

where,/sy- = /p%.” — f- 2 is the N*(1440) invariant massy{y- = (p%-, p+)
is the N*(1440) four momentum), and v (\/sy~) is the N*(1440) decay width.
We have included in thév*(1440) decay width, both the decay int¥7 and

Nrr, thus

Pne (vVsn+) = Pnveove (VSN+) + Tnvener (VSN+) %)

'However, for the case of photo-production of two neutrahgidhe contribution of these terms
is more relevant (between 10% and 60%, depending on they@n#rgs it is important to treat them
carefully.
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wherel' vy (1/sn+) is the N*(1440) decay width intaV 7 which is given by

~\ 2
e (V) = g (L) o faPatya = m - ©
where f is the N*(1440) N7 coupling constant (see Appendix A), afi is the
pion momentum in théV*(1440) centre of mass system. We take a fraction of
65% for the decay intdVr [RQ]. I'y«_.nrr(y/5n+) is the N*(1440) decay width
into N7, which we approximate by a constant, multiplied by threeybpkase
space. This constant is fitted in order to reproduce the érpetal N*(1440)
decay width intoN77. Although part of theV* — Nznx decay goes through the
A7 channel (and this is explicitly considered in the Feynmagiims) we follow
the above prescription solely for the purpose of providimg énergy dependence
of the N*(1440) width.

Apart from these small changes in th&(1440) terms, the main improvement
of the model of ref. [11] is coming from the modification of tRé&* (1520)Ax
coupling. In ref. [I]L] we took the simplest Lagrangian cotitgda with the conser-
vation laws:

where U ., ¢* and ¥, stand for theN*(1520), pion andA(1232) fields (V'
stands for theV*(1520) in the formulae from now on)J™ is the transition isospin
operator froml1/2 to 3/2 with the normalization in terms of a Clebsch-Gordan

coefficient
3
<_v M
2

L m =c(1 1,§;m,u,M) ®)

Tt
Y12 2779

and fy~a- is the coupling constant, that we fixed from the dat&/6f1520) decay
into A7 of ref. [24]. The sign however was chosen such as to have mtise
interference below th&*(1520) pole. With the chosen sign the agreement with the
data was relatively good, while with the opposite sign tleedipancies were about
a factor of two and the qualitative features of the experimesre not reproduced
[LT].

Here, it is important to note that th&*(1520) can decay inta\r both in s-
wave andi-wave [20]. However, the Lagrangian of Eq] (7) gives only deeay
into s-wave, notd-wave. Then, we have modified the Lagrangian of Ef]. (7) in
order to get a term which gives a contribution to thevave decay:

J N ( i gN;A“S;f&i S@) PT A + hec. 9)

2

2In the previous version of the Review of Particle Propel[@, there were not branching ratios
to s-wave andi-wave, and only the total decay int®r was given. Thus, in ref.m.l] we assumed
that all the decay was through thevave, and we neglected thiewave. As the fraction of decay
into thed-wave is even bigger than into tkewvave ], corrections to the coupling of Etﬂ (7) must
be now implemented. The influence of these changes in thésdsutheyN — 7N reaction,
although not large, certainly help to improve agreemertt ¢hie data, as we shall see.
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which gives us the vertex contribution:

— i0Hyrar = — ( Farans + gNl:f” St.75- q) ™ (10)

whereS is the1/2 to 3/2 spin transition operators with the same normalization as
Eq. () ..z is the pion mass angis the pion momentum in th&*(1520) rest frame.

In order to fit the coupling constants to the experimenta{1520) decay am-
plitudes toAr in s- andd-wave [20]2b], we make a partial wave expans|oh [26] of
the transition amplitude from a state of sgif2 and third component M, to a state
of spin3/2 and third component M’:

i M5 Hyeanl, M) = AYN(0,6) +
33 / / M—M'
A€ (2,5, 5 M = MM M) VY (0,0) 1

whereY;" (0, ¢) are the spherical harmonics, add and A, are thes- andd-wave
partial amplitudes for thév*(1520) decay intoAr. In order to compare with the
experimental signs of the amplitudds][20] 25] in E.] (11) weenfollowed the
standard “baryon-first” phase conventipn|[27]. In this aamtion, spin couplings in
all angular momentum Clebsch-Gordan coefficients are eddauch that the orbital
angular momentunh comes before the intrinsic spi The angles in the spherical
harmonics are those of the pion referred to the baryon. Timakjng use of the
coupling of Eq. [IP), thel, and A; amplitudes are given by:

Ay =—V4Ar (fN’*Aw + %@N'*Ang—;)

(12)
~ )
A= @QN'*AW%
By using Eqg. [(T]1) we obtain th&™(1520) width into A
1 m
FN’*—»AW = 4_ —A q (|As|2 + ‘Ad|2) (13)
™ My

wherema andm .« are theA and N*(1520) masses respectively, ands the mo-
mentum of the outgoing pion in th€*(1520) rest frame. Now, we fit th&/* (1520)
partial decay width ins- and d-wave to the experimenf JR0] (we take the average
values for these partial decays, 8.5% for therave, and 12% for thé-wave). In
addition, we impose the ratid, /A, to be positive, as deduced from the experimen-
tal analysis of ther V' — 77 N reaction [Zp]. Thus, with this last restriction, we get
two different solutions for the coupling constants whicfiedionly in a global sign:

(a) Farear = 0911 Gnar = —0.552

3 14
(0) Iarar = —0.911 gnrar = 0.552 (14)

Now, theyp — 7«7~ p reaction allows us to distinguish between both solutions.
In Fig. 2 we have plotted the total cross section for both tsmhs. As we can
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see, only solutiorja) fits the experiment, while the other one under-estimates the
experimental cross section by a large amount.

This strong dependence of the total cross section oiVtf{é520) coupling was
already remarked in ref[[lL1], and it is due to the importateiference between
the A Kroll-Ruderman term (diagrar¥) of Fig. 3) and theyp — N*(1520) —

Ar term (diagram (p) of Fig. 3) in-wave [I1]. The amplitudes for these two
diagrams have exactly the same structure, except bytti€520) propagator and
coupling constants (see Eq. (6) of ref.][11], whéke A, would be substituted by
fnrear + %gNuAWJ?//f). Then, theN*(1520) interference term is proportional to
the real part of theV*(1520) propagator[[11]. There is also a contribution to the
total cross section coming from the imaginary part of i€ 1520) propagator, and
also from theA, amplitude, which do not interfere. Thus, this interferersceero
at /s = my~, where the real part of th#*(1520) propagator vanishes. Then,
what matters in the interference is the valuedgffor different values of; than the
one from theN*(1520) on-shell. Then, thep — 77~ p reaction provides us with
novel information about the dependence of thd, amplitude, respect to the one
obtained from the analysis of theV' — 7w N reaction [Z].

This ¢ dependence in thewave amplitude is given by the chosen Lagrangian
(on the other hand for thd,; amplitude there is no choice in the momentum de-
pendence exhibited in Eq._(12)). Itis, thus, possible tdylate other Lagrangians
which would produce a different dependence of thd, amplitude. For instance,
in a preliminary work reported iff [28, P9] a different Lagggan was investigated.
There we proposed a similar Lagrangian to Efy. (9), but wigB{t2 spin operators
instead of theS® transition operators. With such a Lagrangian and an apjatepr
choice of parameters we were able to reproduce the expesahdata, though the
ratio A, /A, was negative.

In order to investigate the most genegadependence of the amplitude, we re-
place fy:-ar by

-2 —2

fN’*AW <1 + € q q(;n—shell> (15)
7]

whereq is the momentum of the decay pion, afif), .,.; is de momentum of the

pion for an on-shellV*(1520) decaying iNtQAT (|Gon—shenr| = 228 MeV). Then, we

change: and compare the results to the data. We find that, to a goodxippation,

e = 0 gives the best agreement with the data, hence supportingatirangian of

Eq. ®).

It is interesting to remark here that thjisdependence of the amplitudes coin-
cides exactly with the predictions of the non-relativisgtanstituent quark models,
although the absolute values of the amplitudes are onlyitqtiaély given by these
models [3P].

2.2 Theothersisospin channels.

For the others isospin channels we use the same model agfgr th 7" 7 p case,
changing the isospin factors and introducing some termstwduie only relevant in
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the case of neutral pions (although their influence in thessections is small).
However, we have neglected some Feynman diagrams whichfewerd to be very
small in [I1]. The Feynman diagrams that we take into accatmshown in Fig.
3, where all possible charge combinations allowed by cheogservation have to
be implemented for each isospin channel. In the case ofalquitms and neutral
deltas some of the diagrams in Fig. 3 are automatically Zewoinstance, diagrams
(c) and (d) of Fig. 3 with the photon attached to a neutral pienzero.

Nevertheless, some remarks are necessary for the isospnels with neutral
pions: When in the diagrams of Fig. 4 (a) and (b) we evaluatectntribution
from the intermediate states of negative energy we get aa egntribution with
the same structure as the Kroll-Ruderman tdrmh [22]. In tise cd charged pions,
we have neglected this contribution due to the fact that vielyy small compared
with the Kroll-Ruderman terms. However, for the neutrahgpas there is no Kroll-
Ruderman term, this contribution has to be considered and,riucleon in the final
state is given by[[32]:

—iTa:eiC(a)E-g (16)

ol
where

_40 1 1
q (p0+k0+E(ﬁ+E) + P’()—ko—i-E(ﬁ’—E)) fOTpTOtOn

Cla) = (17)
0 for neutron
where(p°,5), (°, 7)., (¢°, §) and(k°, k ) are the four-momentum of the incoming

nucleon, the outgoing nucleon, the pion and the photon otispéy.
We can write EQ.[(]6) as:

1
where
C:—q0< ! =+ — ! — ﬁ> (19)
P +EO+Ep+k) P’ —kK0O+E({p —k)

andrs is the third component of the isospin Pauli matrices:
(p|m3lp) =1 ; (n|ms|n) = —1 (20)

The advantage of expressign](18) is that it allows us to gdimerit to the case

where we have &*(1440) or aA(1232) in the final state by the following method:
for the N*(1440) we replace the coupling constaNtN = (f) by the coupling con-

stantN* N (f):

—iT:%(l—l—(N\Tg\N))e 5.z 1)

= I~



For theA(1232) case we replace the coupling constanVr (f) by the AN~
coupling constantf(*) and thes and 3 operators by the transition spin an isospin
operators from /2 to 3/2 objects (with the normalization given by E{] (8)). How-
ever, the isoscalar part does not contribute in this casen;Tior theAN7° cou-
pling we have:

—iTzlef—C§T~é’T§ (22)
2 p

The verticesyNN7°, yN*N7° andyAN=° of Egs. [IB), [21) and (22) are
diagrammatically represented with the same Feynman giagptise corresponding
Kroll-Ruderman terms with charged pions in Fig. 3.

The effective Lagrangians needed for the evaluation of #yafan diagrams
and the corresponding coupling constants are given in apén The correspond-
ing Feynman rules are given in Appendix B of rdf.][11].

3 Resultsand discussions.

In Figs. 5 to 10 we show the total cross sections for all thepgochannels, as well
as the contribution to the total cross section of diagranh wiicleon,A(1232),
N*(1440), N*(1520) andp(770) as intermediate states (in reff. J11] we also showed
differential cross sections and invariant-mass distiing for theyp — 7 77 p
channel). We show results up fo, = 800 MeV/, where the new experiments at
Mainz concentrate, and we compare our results with theaaikexperimental data
(M, 8.[3.[4.[B]. In the errorbars of the DAPHNE dafh [8] we hal@itpd only the
statistical errors. The systematic errors are of the saher @f magnitude.

The isospin channels with one or two charged pions in the §itzé are shown
in Figs. 5, 6, 8 and 9. We observe that thé1232) terms (short-dashed lines) are
dominant in these isospin channels. EssentiallyAi€232) Kroll-Ruderman and
A(1232) pion-pole terms (diagrams (i) and (k) of Fig. 3) are the monpartant
terms. The non resonant terms (short-dash-dotted lineshach smaller and they
provide a small background which grows up moderately as etiiumof the energy.
The N*(1520) contribution (long-dashed lines) by itself is also smalingared to
the A(1232) one, but it is essential to reproduce the total cross sedii@nto its
interference with the\ (1232) Kroll-Ruderman term as we already remarked in ref.
[L3]. This interference occurs only between thgl 232) Kroll-Ruderman term and
the s-wave part of theV*(1520) Ar contribution. Since now part of th&* — Ar
decay is due ta-wave, the interference effects are smaller than in fef] fdlere
allthe N*(1520) — Ar decay was associated¢avave. This has as a consequence
a better agreement of theory with experiment than in fef]] (44e Fig. 5 here in
comparison with Fig. 5 of ref.[T}1]). The-terms are negligible at these energies,
but they show up clearly at higher energies (see [ef. [11dhtfbutions from other
terms are still smaller.

For the isospin channels with two neutral pions in the finatesthings are
rather different (see Figs. 7 and 10). In these cases a l@rofst vanish due to
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the fact that the photons cannot couple to neutral pionsattiqular, there are no
Kroll-Ruderman and pion-pole terms. Thus, the total cressien for these isospin
channels is much smaller than the cross section for the wbgpin channels. Fur-
thermore, terms that in the other isospin channels are veajl kecome important
in these isospin channels.

In Figs. 7 and 10 we can see that, except for the contributam N-intermediate
states (short-dash-dotted lines), which is very smallgther contributions are all
of them relevant. Below00 MeV we can see that th&*(1440) (long-dash-dotted
lines) dominates the reactions. 310 Mel” the A(1232) (short-dashed lines) and
the N*(1520) (long-dashed lines) start to grow up, and arodfd Mel” all these
diagrams have similar strength. 80 Mel” the N*(1440) contribution starts to
fall down, and theV*(1520) and A(1232) dominate the reaction. Th&*(1520)
contribution peaks at20 MeV (it is responsible of the peak of the total cross
sections) and from this energy on it falls down, while thé1232) contribution
continues growing up moderately.

It is worth noting that, in these latter cases, thi&(1520) contribution is im-
portant by itself, and not by its interference with othemtsras it happens in the
isospin channels with one or two charged pions, and agasndassential to repro-
duce the peak of the cross section arodfd MeV'. To further stress the role of
the N*(1520) resonance, we plot in Fig. 11 the results for the— 7%7% cross
section using the two possible combinations of Eff.] (14) fer+ and d-wave
couplings. We see that the curie) is clearly favoured by the data, precisely the
same case which was favoured in the— 77~ p reaction. This provides further
support for our choice of amplitudes in th&(1520) — Ax decay.

At this point, we should mention that in spite of the largyé(1440) decay
branching ratio intaVzr7 (around 35%), and the fact that in the present reaction
the N*(1440) is on-shell at&, ~ 600 MeV, the N*(1440) contribution to the to-
tal cross section is very small for some of the isospin chisnriéhis is due to the
relatively smallN*(1440) coupling to photongJ20], compared to thg1232) or
the N*(1520) resonances (the branching ratioXoy is around one order of mag-
nitude smaller for theV*(1440) than for theA(1232) or the N*(1520)). However,
it is important in the two-neutral pion channels in the lovwergy region (below
E, ~ 650 MeV) (see long-dash-dotted line of Figs. 7 and 10). Note aghat,for
E., < 600 MeV the N*(1440) is the dominant contribution, and although there are
some discrepancies with de DAPHNE ddla [8] in this regiomoodel agrees well
with the preliminary data of the TAPS collaborati¢h [9] iretame region.

For the total cross sections, in Figs. 5to 10 (solid linesramresee a remarkable
agreement with the experiment in some isospin channelssame discrepancies
in others.

For theyp — 7t p channel (Fig. 5) we reproduce quite well the total cross
section up tak, = 800M eV (we also reproduce invariant mass distributions even
at higher energieg [11]).

For theyp — 7" 7%n channel (Fig. 6) we have found an important discrepancy
between our calculations and the experimental data. Itng @asy to understand
qualitatively our results for thep — =" 7°n cross section from isospin coeffi-
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cients. As we have already said, the photoproduction of one® charged pions
is dominated by thé\(1232) Kroll-Ruderman and\(1232) pion-pole terms. In the
~vp — w7~ p channel, these terms with/a"* in the intermediate state have a fac-
tor 1 in the amplitude from isospiri?), while in theyp — 7+ 7% case with aA°

in the intermediate state, this factor\&/3. Then we have that the cross section
for theyp — 77% channel is around.5 times smaller than thep — 77~ p one
(this relation is not exact because there are other terntsdifferent isospin coef-
ficients that also contribute). As we can see comparing Eigsd 6 this relation is
approximately satisfied.

In order to understand these discrepancies, we have triedkdor additional
contributions for this channel. For instance, we have dated the contribution to
the total cross section of new diagrams witintermediate state decaying intar
where the photon is coupled to th&Vp vertex in one case and to the intermedjate
meson line in another case. Note that these additionalalagonly contribute for
theyp — 77’ andyn — 7~ 7p channels, because for the others channels, the
intermediate-meson is neutral, and does not couple to photons. Howeednawe
found that these contributions are very small, and they donwmalify our results.

On the other hand, we have also investigated the contribtiohe total cross
section of the off-shell part of tha interactions with photons and pions (see ref.
[BT]). For this purpose, we have evaluated diagr@mof Fig. 3, including the
off-shell part of theA-interaction. Then, from the off-shell parameters of then-
teraction, we get an additional term which is very similatite one obtained from
diagram(i) of Fig. 3 without the off-shell parameters, but it has a nulitative
factor (\/sa — ma)/2ma (\/sa is the A invariant mass, angh, is the A mass).
This factor is zero for & on-shell, and in our range of energies, it changes between
—0.05 and+0.07, and it strongly peaks around zero (see Fig. 6 of ffef, [11RisT
is so, because the pion of the\ N7 vertex in Fig. 3 (i) picks up the necessary
momentum to make tha closest to on-shell. When we perform the actual calcula-
tions the modifications from the consideration of thesesbf#ll corrections are of
the order of 1% for a broad range of the off-sh&lpbarameter (we have checked
it for several values of between-1/2 and1/2). Then, we conclude that the off-
shell contribution of the\ (1232) resonance to the total cross section is very small,
and we can neglect it.

For theyp — w°7% channel (Fig. 7) we can see a good agreement with the
experimental data abows0 MeV/, but our results are below the experimental ones
for £, < 650 MeV. We should also mention that there are already preliminary
results for this channel from the TAPS collaboratign [9]jetHfor £, < 600 MeV
are below the DAPHNE data, and our model agrees very welltivéke preliminary
results in this energy region. Nevertheless, we shouldfeatheir final results.

For theyn — "7~ n we can see in Fig. 8 that we approximately reproduce the
experimental data belo@h0 MeV, but above this energy our model overestimates
the experimental data.

For theyn — 7~ n"p isospin channel (Fig. 9), the theory is a bit below the ex-
perimental resultd3] 4], but the trend of the energy depené is well reproduced.

However, in connection with the data of refs[] [B, 4] for the — 7 7 n
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andyn — 7~ 7’p reaction, we should point out that there is some disagreemen
between the results of the same experiments forthe» 77~ p channel and the
experimental results of ref[][ll, 8] (see Fig. 5). One shoudshtbe cautious and wait
for new measurements in these channels before extractingoacliusion from the
present discrepancies of our model with these data.

In Fig. 10 we show the results of our model for the — 7°7°n channel for
which there are not yet any experimental data.

Due to the interest raised on the two pion photoproductighrashold [P[13,
4, [I5%,[1p], we have also calculated the total cross sectiothEvyp — 7tn p
and~p — 7°7% channels at energies near threshold. In Figs. 12 and 13 we sho
our results for the total cross section for these channetapared to the results of
ref. [L3,[14] (in ref. [1B] only the amplitude at thresholdjisen, not the total cross
section. Then, we have taken that amplitude as a constahtyaiave integrated
it over the three body phase space).

In Fig. 12 we see the results for the¢ — 7=+7~p channel. There appear to be
some discrepancies between the results of refs. [13][afjdviiéh are mostly due
to the fact that we use the constant amplitude at threshaolef off 3]. Indeed, if the
same is done for the work of ref_J14] the results are verylsinfsee Fig. 9 of ref.
[L4]). This also means that energy dependent terms are targa@ven very close
to threshold.

Our results are above the results of reffs] [1B8, 14]. We shaoatielthat in addition
to the Chiral terms which contribute at threshold, and whighhave in terms of
our effective Lagrangians, there is one important contitiouat threshold which
is missed in the two other approaches. This correspondstdiflyram of Fig 3.
(q) and the crossed one which is not drown there but is agtgaltulated in this
channel. They correspond (1440) excitation with decay inta in s-wave and
N. These terms were also shown to be important at thresholtein¥ — =7 N
reaction [1B]. Its relevance in that reaction has beenstein a recent papdr [32]
where the existence of an additional energy dependent teamkmown strength is
pointed out.

The different threshold behaviour of the approaches of rgf8, [14] and the
present work, apart from some differences in the treatmfghea\ terms, is mostly
due to the fact that we include th¢*(1440) resonance. In addition there is a small
contribution from theN*(1520) a few Mel” above threshold, and there are also
other terms which vanish at threshold but contribute close t

We should also mention that in the region of interest tota8,MeV < E, <
800 MeV, the cross section is dominated by resonance terms whichodngro-
vided by Chiral Perturbation Theory.

In Fig. 13 we show the threshold results of the — 7%7% channel. We
observe large discrepancies between the results of rg8.afid [I4] which are
commented in refs. [[149, 16]. Among other differences, thailts of ref. [1§]
include loop corrections which are relatively importanttims channel close to
threshold [I¥]. Once again our results, which also miss ¢l korrections, are
bigger than in the two approaches of refs]] [I3, 14] for theesaasons discussed
above. Our results at threshold also include the contobutf the crossed term of
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the N*(1440) diagram of Fig. 3(q), which is negligible at higher energies

Furthermore, we should also stress that, like inthe— 77~ p channel, the
terms which vanish at threshold dominate the reaction gelanergies.

One limitation of our model is that we neglect unitarity. tamity for three par-
ticles in the final state is a nontrivial problef [33], and & the purpose of this
paper to deal with it. However, for the dominant channeV(— wA[rN]), due
to the fact that the\-width is implemented in thé\-propagators, our model ap-
proximately satisfies unitarity. In order to estimate thees that unitarity could
introduce, we follow the procedure of Olss@n|[34] to unitarihis channel by mul-
tiplying the A-terms by a phase and requesting that the resulting ame]iafter
adding the background, has the phase ofitheamplitude. The angle needed
for this phase¢i?, is of the order ofl0°. We have checked, for thep — 7+7p
channel, that implementing this phase in the amplitude gbsuthe results at the
level of 3% at energies below, = 800 Mel. Even increasing the angleto
20° the changes are of the same order of magnitude. This redilieiso the fact
that, except for the already commented interference betwe=V*(1520) and the
A Kroll-Ruderman term, the interference between the diffeterms of the ampli-
tude is small.

This is only a rough approach to such a difficult problem, haavé gives hints
that the unitary corrections might be small in that energygea This conclusion
is also supported by another approximate scheme to urgtdrezBorn amplitudes
used in [IP]. An absorptive correction factor is used thelnéctv does not modify
the cross section below., = 800 MeV, although it produces a substantial reduc-
tion at much higher energies. Nevertheless a rigouroughtiesd of this problem
would be welcome.

4 Conclusions.

We have constructed a model for th&/ — 7w N reaction extending the model
of ref. [A1] for theyp — =7 p reaction to the rest of the isospin channels,
including some improvements in tig(1232), N*(1440) and N*(1520) couplings.
Our model reproduces quite well the experimental resultefst [1,[8,[P] below
E., = 800 MeV for theyp — ntm p andyp — #%7%p isospin channels, but we
have found some important discrepancies fortpe— 7*7%n channel. For the
isospin channels on the neutron we have found also somesfdaucies with the
old data of refs.[[3[]4], but as we have already mentionedgtle&periments should
be improved.

As we already observed in ref_J11] the reaction is domindigthe A(1232)
Kroll-Ruderman and\(1232) pion-pole terms, but we get an appreciable contribu-
tion from other terms. In particular we have shown the ciucmportance of the
N*(1520) terms. In the isospin channels with one or two charged piotise final
state, theV*(1520) contribution is small compared with th(1232) terms, but it
shows up clearly in the total cross section due to its interfee with theA (1232)
Kroll-Ruderman term. For the cases with two neutral pionghmfinal state the
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dominant terms in the other isospin channels vanish, ana@dh&ibution of the
N*(1520) terms is bigger than the contribution of thg1232). At energies be-
low £, = 600 MeV the N*(1440) plays an important role in the two neutral pion
channels.

One of the interesting findings was the possibility to extnaformation on the
coupling constants fav*(1520) decay intoAr. The interference of th&*(1520)
excitation term, followed byAw decay, with the dominamk(1232) Kroll-Ruderman
term in theyp — «" 7~ p channel allowed us to determine the sign of the couplings
for the s-wave andi-wave in theN*(1520) — Ar decay, when the absolute val-
ues given by the branching ratios, and the constraifitd, > 0 obtained form the
mN — 7N reaction were used. We also observed that the same choioeptif a
tudes gave rise to a fair agreement with the— 7%7% channel while the other
possible choice gave rise to a cross section in sheer desagre with the data.

While in theyn channels there are reasons to expect that the data will ehang
when new experiments are done, the discrepancy found wéthiebent data[]8]
of theyp — 7*7%n channels is puzzling. For the moment we cannot envisage
a solution to this problem. Alternative experiments woutdib any case most
welcome.
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Appendix A
LAGRANGIANS.

Lavwe = L TyP50,5 - 70 (A1)
LN = —47% Ué - o0 (A.2)
Lany = _;f *\IITASi(aigﬁA)T*\IfN + hec (A.3)
Lans = ‘wagsm(a,-w)Tg% + h.c. (A.4)
Laenn = _fopjwo—i (0:6) - 7¥y + hec. (A.5)
Lainem = —CUpnids- ¢ Uy + hec. (A.6)
Lovenn = _gzN*”mgsi(aiqu)TwN* + he (A7)

Ly = 0 < Farean — gN;A“sjai Sjaj> T U + hec. (A.8)

2
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— X v
'CNN'y = —E\IIN(’}/MAM — ﬁdu a,,Au)\I’N
Lony =ie(¢10"0- — ¢-0"d1)A,
= 7 =
LNNmy = —qu Untys A - TV

LANmy = —iqf—\lfgs,-Aiqs*TwN + h.c.
il

LN+ Nmy = —z’qiq\If},*aiAigg FUN + he
o

Lany = _fﬁN’Y UhenS] (0;Ar) TsVy + h.c.

N
'CN*N'y = %WNU“”@AM\I/N* + h.c.

'CN’*N'y :@N {gvg)/f — ’if]a (EX g) . _)} \IIN’* + h.c.

T

2m

—_ - G —
Lanp = —\D{GKNP U — o—“”amff’} TV
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(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)



Loer = —F, 80 - (6 99) (A.18)

Lan, = —/C, xp e ( )TMI/ + he (A.19)

EN’*NpO == —gp@NSigﬁZ(p)\IfN/* —+ h.c. (AZO)

Loy = g’;j” €90 0, Apd 0,8 (A.21)

Lopmin—ry=efdl) (d1A G- + ¢_Ald,) (A.22)
F37r

Lonny = Tewﬁeabc A, 0,0" 0u¢’ D" (A.23)
FT vaf 10

Loy = Ie“ ¢°F,, Fag (A.24)

F.=0.,A, — 0,A,

In these expressiony, gz? Ua, Uy, Upre, 5ff> and A, stand for the nucleon,
pion, A(1232), N*(1440), N*(1520), p(770) and photon fields, respectively;
andy are the nucleon and pion masses.

For theAA~ coupling we write directly the vertex contribution to theyRenan
rules [35] in analogy to th&/ N~ case:

(P +p") N N }

A 6A—|—13—m(SA><k‘)

- ZCSHAAV =1 { - g (A25)
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whereS, is the ordinary spin matrices for a spin2 object,p’andp’ stand for the

initial and final delta momentum respectively, antbr the photon momentumia

ande, are the magnetic moment and charge of the deltajs the delta mass.
The coupling constants are listed below.

Coupling constants:
f=1
A1 = 0.0075
fa = 0.802
f=0477
gan+r = 2.07

faear = 0911

| 179 for proton
Xv =) —1.01 for neutron

N 0.108  for proton
Iy = { —0.129 for neutron
Gy, = 2.9

f,=6.14

g, = 0.591

F37 = 0.0259,~3

£ =213

fany = 0.116
C=-229u""

e = 0.3027
gnrar = —0.552

JgN_ 0.0173  for proton
7 1 —0.0112 for neutron

N { —0.049  for proton

9o =1 0.0073 for neutron
Ghy, = 18.15

C,=2

oy = 0.0378

F™ =0.0035p~*

pa++ = 1.62 py

The magnetic moment of thi&®(1232), 1, can be calculated in the quark model
[B8], with the resultua/p, = ea/e. We shall use this result, except for the'*
where we shall use the experimental value + = (1.62 £ 0.18) 11, based on the

7p bremsstrahlungrtp — 7 pvy) [B1]-



Appendix B

TOTAL CROSS SECTION.
The cross section for theN — 77V reaction is given by

m 1 dps [ dPps s m
7= |2 5 [ g
)\1/2(5, 0, m2) (27’(’)5 20}4 20}5 E2

5! (k+p1—pa— pa— p5)iz T (B.1)

S; Sf

m2

~ N2(s,0,m2)

1
4(271’)4 / dw5dw4d COS 95d¢45

(1 — cos’045)S. > |T? (B.2)

8 Ssf

Wherek = (w, k), p1 = (E1,p1), p2 = (E2,D2), pa = (wa,D4), Ps = (ws, P5)
are the momenta of the photon, incident proton, outgointpprand the outgoing
pions respectively. In (B.2),5, 045 are the azimuthal and polar anglespafwith
respect tg; andds is the angle of; with the z direction defined by the incident
photon momentunk. T is the invariant matrix element for the reaction. We repro
duce this formula here since in Eq. (2) of ref.][11] there wasissprint andif;
should have beeticosts, as in Eq. (B.2) above.
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Figure captions:

Fig. 1. Classification of the Feynman diagrams into one pwb point and
three point diagrams. Continuous straight lines: baryobashed lines: pions.
Wavy lines: photons ang-mesons (marked explicitly).

Fig. 2: Total cross section for they — 77~ p reaction. (@)f nrar = 0.911,
Gnrear = —0.552; (D) fyrear = —0.911, yrear = 0.552.

Fig. 3: Feynman diagrams for the — 7+ 7°n, yp — 7%, yn — 7t7n,
yn — 7~ m’p andyn — 7°7%n reactions.

Fig. 4. Feynman diagrams for theV — 7°N amplitude.

Fig. 5: Total cross section for thep — 77 p reaction. Continuous line:
total cross section. Short-dashed line: contributiot\0f232)-intermediate states.
Long-dashed line: contribution a¥*(1520)-intermediate state. Short-dash-dotted
line: contribution of N-intermediate states. Long-dash-dotted line: contrdutf
p-intermediate states. Short-dash-long-dashed line:ofebie diagrams. Experi-
mental data from refs[][]] £ B, B, 8].

Fig. 6: Total cross section for they — 77 reaction. Continuous line: total
cross section. Short-dashed line: contributiod\dt 232)-intermediate states (dia-
grams (i)-(0) of Fig. 3). Long-dashed line: contribution/éf(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: dbation of N- and p-
intermediate states (diagrams (a)-(h) of Fig. 3). Londaeldatted line: contribu-
tion of N*(1440)-intermediate states (diagrams (q)-(t) of Fig. 3). Experital
data from ref. [[B].

Fig. 7: Total cross section for the — 77% reaction. Continuous line: total
cross section. Short-dashed line: contributiod\dt 232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution/éf(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: gbation of N-intermediate
states (diagrams (a)-(g) of Fig. 3). Long-dash-dotted oatribution of N*(1440)-
intermediate states (diagrams (q)-(t) of Fig. 3). Experitakdata from ref.[[8].

Fig. 8: Total cross section for thex — 77~ n reaction. Continuous line: total
cross section. Short-dashed line: contributiod\¢t232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution/éf(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: dbation of V- and p-
intermediate states (diagrams (a)-(h) of Fig. 3). Londaeldstted line: contribu-
tion of N*(1440)-intermediate states (diagrams (q)-(t) of Fig. 3). Experital
data from refs. [[3}]4].
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Fig. 9: Total cross section for thg: — 7~ 7% reaction. Continuous line: total
cross section. Short-dashed line: contributiod\dt 232)-intermediate states (dia-
grams (i)-(0) of Fig. 3). Long-dashed line: contribution/éf(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: dbation of V- and p-
intermediate states (diagrams (a)-(h) of Fig. 3). Londaeldatted line: contribu-
tion of N*(1440)-intermediate states (diagrams (q)-(t) of Fig. 3). Experital
data from refs. [[3[14].

Fig. 10: Total cross section for thes — 7°7n reaction. Continuous line: total
cross section. Short-dashed line: contributiod\dt 232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution/éf(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: gbation of N-intermediate
states (diagrams (a)-(g) of Fig. 3). Long-dash-dotted oatribution of N*(1440)-
intermediate states (diagrams (q) and (t) of Fig. 3).

Fig. 11: Total cross section for they — 7%7%p reaction. (@)f niar = 0.911,
gnar = —0.552; (b) fN’*Aw = —0.911, gym»ar = 0.552.

Fig. 12: Total cross section for they — 77~ p reaction at energies close to
threshold. Continuous line: results of our model. Longhgakline: results of M.
Benmerrouche and E. TomusigK][13]. Short-dashed lineiteesiV. Bernard et al.

[L4].

Fig. 13: Total cross section for they — 77" reaction at energies close to
threshold. Continuous line: results of our model. Longhgakline: results of M.
Benmerrouche and E. Tomusi§K][13]. Short-dashed lineiteesiV. Bernard et al.

[L4].
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