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DIFFRACTIVE DISSOCIATION IN THE DUAL MODEL
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We study the one twisted loop contribution to the five-point function in the Neveu-
Schwarz model. The formulation obtained incorporates the requirements of duality and
analyticity (Steinmann relations), provides a low-mass vector-pseudoscalar system pre-
dominantly as an S-wave J*' = 1% state near threshold, conserves approximately ¢-channel
helicity and thus is an interesting candidate for the phenomenology of diffractive disso-
ciation.

1. Introduction

The diffractive dissociation of 7 into pm together with the question of a possible
A, resonance in the pm system has been the subject of a long, often heated contro-
versy that shows little sign of abating.

On the theoretical side the quark model seems to predict unambiguously the
existence of a resonant 3P, state with the quantum numbers of the A; (J€ = 1%*,
I=1). Good candidates for the /= 0 and I =  SU(3) partners of the A; exist. In
addition there are chiral symmetry arguments for the A, mass m, =+/2 mg.

Experimentally there was early observation of a broad peak in the px system
centered near 1.1 GeV. However, a resonance interpretation of this peak was dis-
favored because the shape of the peak depended on the momentum transfer and
because of the detailed behavior of the partial-wave phases. Very recently the reso-
nance character of the A has been supported by new data on 3-pion production
and its backward production [1]. Whatever may be, the exact role of the background
given by a non-resonant amplitude in this region remains an open question.

Theoretical work *** on this non-resonant peak is based on the Drell-Deck model
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Fig. 1. Deck diagram for the diffractive dissociation of a pion into a system composed of a vector
meson p and a pion.

[3], which can be described by the graph of fig. 1. The incident pion virtually disso-
ciates into a pr system and the virtual pion returns to its mass shell by diffractively
scattering off the target particle. Because of the sharp diffractive peak the amplitude
is dominantly contained in the region near ¢, = 0. Deck argued that the pion pole in
t, would enhance the amplitude at small values of ¢, also. The combination of these
two effects would kinematically limit the amplitude to small values of the pw mass.
The distribution as a function of the pm mass grows from threshold as phase space
opens up and then falls as a result of these kinematical effects producing a peak near
threshold. The pion pole graph would also yield a ¢-channel helicity conservation
near threshold as is experimentally observed [4].

However, the Deck model has never succeeded in reproducing the mass peak in a
convincing way. The pion pole does not give a sharp enough cut-off in #, and more
recent treatments introduce an exponential damping in z, justified on the basis of a
reggeization of the pion. It was also noted [5] that near ¢; = 0 the pion pole is
approximately cancelled due to the factor s‘;‘P(‘l) and to the kinematic relation (as
usual we define a; as the trajectory of particle i and u, is the pion mass)

~{yl — —_—
$1 (p'rr t2)32—‘ﬂ12r,
which is valid near ¢, = 0. This being the case there seems to be no reason to neglect
the graphs where the pomeron couples to the incident pion or to the p meson. These
graphs do not clearly predict ¢-channel helicity conservation, however. In addition,
duality has taught us to distrust single-particle exchange models and interference
models where one simply adds graphs.

A step towards a correct dual treatment has been made recently by the Saclay
group [6] who describe the m > pm + pomeron sub-amplitude by a sum of three
beta functions containing the expected poles in (55, £7), (f2, U,), and (2, 5,),
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Fig. 2. Momentum diagram for the contribution of the single-loop graph to the five-point func-
tion and the equivalent 2-to-3 amplitude with channel invariants.

respectively. This approach, based on the Veneziano Born term, treats the diffrac-
tive dissociation as a planar amplitude. As a refinement of their attempt at dualiza-
tion, these authors suggest for the future the use of the Virasoro-Shapiro amplitude
[7] (VS) which has the correct structure of dual poles in (s5, £, #, ) together. It is
clear that even this is not fully appropriate since the VS amplitude corresponds to
pomeron-pomeron elastic scattering in the dual model.

The correct lowest-order amplitude for diffractive dissociation is given by the
twisted loop graph of fig. 2. In addition to having the correct topological structure
of poles in §,, #5 and u, all dual to each other, the amplitude corresponding to fig.
2 will incorporate the f dominance and other good features of the dual pomeron.
The dual amplitude we will write down will be a function of ap(t), as(t;), 0; G3)
and a, (u,). It will be ghost free for ap(0) = 2a,(0) = 2. For physical values of the
intercepts ap(0) = 2a,(0) = 1, the amplitudes will still be ghost free on the leading
trajectories and will still have the correct analytic and topological structure. It is
therefore this latter amplitude that we propose as a realistic model of the dissocia-
tion process.

Even after making this shift to physical intercepts the generalized Veneziano
model is unsatisfactory for phenomenological purposes. This is because of the
tachyons that exist in the model at ap(¢;) = 0 and a, (4, ) = 0. In order to avoid
these poles in the physical region we will work with the Neveu-Schwarz model
(NSM) [8] which has no tachyons on the leading pomeron and p, f trajectories. The
NSM has poles at a,(s;) =0, 2, 4, ... . Thus with physical intercepts there is no
resonance at the A, position o, (s,) = 1. The model is therefore ideally suited to
determine to what extent the dynamics of diffraction can build the broad bump
near threshold in the mp system.

In sect. 2 of this paper we calculate the twisted 5-point loop in the Neveu-
Schwarz model with an external p meson. Sect. 3 is devoted to a study of the
analytic structure in the single-Regge limit. This will provide a basis for the
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examination of the Deck phenomenon in the NSM. As we shall see the diffractive
dissociation vig the dual pomeron has a rich and complex structure which bears
little comparison to the early Deck amplitudes. In sect. 4 we examine the double-
Regge limit 5, 5, = =0, §;8,/s fixed. ‘

A numerical evaluation and a phenomenological discussion of the amplitudes
including a partial-wave analysis are presented in sect. 5. In particular, the existence
of an A, effect is clearly shown. Some technical problems are discussed in appen-
dices A and B.

2. Amplitude construction

We will calculate the graph of fig. 2, where particles 1, 2, 3 and 5 are 7 mesons
represented in the NSM by
'k. . .
Valksp) = €™ 2P0, - Hpp): @.1)

where

H, (0= 20 (px—"=V2 4 pr xn+12) 2.2)
n=0
Particle 4 is the p meson represented by

Volkarpa) =t PPV, He - H+e-P: 23)

with

o 1/2
Pﬂ(m=ix%=i§0(n +€)[l"_(n_’_;_2_62] (az"-X""‘e__aﬁX—n“E).
2.4)

In (2.2) and (2.4) the b, and q,, are operators obeying Fermi and Bose statistics,
respectively; e is the polarization vector of particle 4 and € an infinitesimal quantity.
We are thus calculating the process n — mpw vig pomeron exchange. However,
since in dual models, as in nature, the pomeron is a factorizing singularity our result
will be proportional to a realistic dual amplitude for #p - mpp. The constant of pro-
portionality will be the pomeron form factor to the nr state divided by the pomeron
form factor to the pp state. This depends only on ¢, , the momentum transfer carried
by the pomeron, and is easily measured experimentally. The kinematics of fig. 1 is

such that

ky ky=—a,(t1), (2.5a)
ky k3 =a,(1) +og(t)— ap(ts), (2.5b)
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ky kq=0n(s) — a(s1) +ay(t2) , (2.5¢)
ky ks =-—0,(8), (2.5d)
ky “k3=—ay(s1), (2.5¢)
ky kg =—0(s) + an(sy) + oz (s2) (2.59)
ky ks = an(s) — ap(s2) + aq(ty) (2.59)
k3 ka=—04(5), (2.5h)
k3 ks =az(s2) +a,(t) — a,(ty) s (2.59)
ks ks =—0y(t3) . (2.5)

For convenience the Regge slope has been normalized to ,:—, Otherwise each mo-
mentum should be multiplied by v/2a. These relations hold for the unphysical inter-
cepts of the NSM. However, after having written the amplitude in terms of these
trajectory functions we will for phenomenological purposes use physical intercepts.

The loop graph of fig. 2 is given by a trace over all the intermediate excited states
of the model. Such traces with external excited states are most conveniently done
by the method of ref. [9], with the loop momentum integration being given by the
trace over the zeroth (translational) mode. For further details the reader can refer
to that article. .

1 1 Ps
dw ~dps " dpg  dp3 7 dp,
A :gs —_— — —_ — S(W)
° !F()f 5 J 4 of P3 Of P2
(2.6)
L
X TI{W OQVﬂ(k19 I)Vw(k2sp2)QV7r(k3ap3) Vp(k4’p4) Vn(ks»Ps)}'

Here L is the dual Hamiltonian and £ is the twist operator. We evaluate the trace
in the critical dimensionality of space-time (10 for the NSM) and with the unphys-
ical masses of the p and =, all invariants being absorbed into trajectory functions by
eqs. (2.5a—j). In (2.6), S(w) is a factor from projecting the circulating states onto
the physical subspace:

- 1-w" \2
= 1/2
Swy=w ml_=11 (1 +w'"‘”2) . 2.7

Details on trace calculation are given in appendix A. To study the pomeron singu-
larity it is customary to make the Jacobi imaginary transformation

L i 2mi In p;
piop=etizexp L L (2.8a)
Inw
4 2
wow =riSexp —— . (2.8b)

Inw
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In the limit in which the pomeron cross-channel energy becomes asymptotic the
loop integral is dominated by the region near r = 0. Therefore, we can expand the
integrand to lowest order in r but keeping all orders in ra(s) and ra(s, ). It is also
convenient to redefine the angular variables:

63=0=’}’—%04+%92 5 (293)
Bs=04+0, (2.9b)
fs=05+0. (2.9¢)

Then, dropping all primes, the amplitude becomes
1 2m 2." 2 05
A5=g5fdrr"“""l’f dy [ do, [ d6s [ d0a(2sin30,) 7Y
0 0 0 0 0

X (2sin 3(05 — 04)) 72 (2sin 16,) "D (2 sin 165) % 2
X exp[—8ra(s) sin 30, sin } (85 — 64) cos('y +105)]
2\D/48 (In w\3
X exp[~8ra(s,) sin 30 sin 26,4 cos 7] ™ S T,| - (2.10)
The trace T is given in appendix A (cf. eq. (A.23)). In the limit - O one finds

XDyl W) > — e :;(9,- 55 (2.11)

X 05, w) = (nw)zr’“ cos (o +6, - 6;) . (2.12)
In the same limit the G’s of (A.14) and (A.15) behave as

Gloiloy W)= () (-4 cot 0~ 7). @13)

Gr(oilpj w) = (]n )( 2rsin(8; — 0, + 9)) . 2.14)
The partition function in (A.16) satisfies

H (1 + Wt UHD = (W) o ﬁ (1 S i (2.15)

As r tends toward zero, terms in G will be negligible compared to terms in G.
Similarly xT would be negligible compared to x were it not for the fact that terms
in x always multiply large s-channel variables whereas terms in x multiply #-channel
variables.
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The two kinematical regions of present interest are the fragmentation region
alty), alty), alsy) << afs;) $ a(s) and the double-Regge region a(t, ), a(t;) << ofs,),
afs,) << afs). Let us therefore neglect a(f;), &(¢;) and a(s, ) in (A.23) and put
a(s1) = ka(s). The spin factor (A.23) then considerably simplifies:

(211 = ¢ k@O0 - 0x6sla) br o) o)
— X1 (P3/p2) X1 (0a)] *+iG(pa/ps) K [XT(03/P2) XT(05)
—x1(Ps/02) xr(P3)1} — € - k3a(s)? (1 — k) X(p4/p2)
X [xr(pa/p2)x1(P5) — XT(P2) XT(05/P2)]
- iG(palp3) kIx1(03/02) X(05) — x1(P5/02) X1(R3)]} - (2.16)

Using (2.11) to (2.15) we have in the limit of small r

2\-D/48 3
2 -k
T, = (_r_) (___."__) 2ra?(s) sin %02[ € osk
w

Inw sin 3(85—04)
1 1 1 € k3
X (sin 305 cos 5(05 —04) — (1 —k)sin 504) — —
sin 504
X (k sin 365 cos 304 + (1 — k) sin 385 —04))}. (2.17)

Thus in the large-s limit there are no p-meson spin correlations across the large
rapidity gap spanned by the pomeron. Such correlations are carried by the pomeron
daughter trajectories and could be studied by developing the next order in r. More-
over, at the threshold of the final dissociated pm system, € * k3 ~ 0 and the ampli-
tude is totally aligned along ksu' Since at this threshold the p and pn helicities are
identical, the pomeron trajectory is expected to conserve f-channel helicity to lead-
ing order in a(s) in the reaction 77 — (o) at enhancements near the pw threshold.
Factors in k3 break this conservation when the energy s, increases, thus predicting
a breaking alf‘the stronger as the mass of the produced system is heavy.

We now have the spin factor in a concise form for insertion into the integrand of
(2.10). Since the integral is dominated for large s by r >~ 0 we can without error
scale out the sin %62 factor in the exponentials by writing r = %r' sin %62. The 6,
integral can then be done trivially and gives the pomeron form factor to the target
(pion) state:

2n
[ 402Q2sin 30,) PO < 0y
0

- 2apft1)—af(t1)3[_%(ap(tl) —ap(t)), %] . (2.18)
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In the remaining integral we can simplify by putting = %85 and ¢ = %04:
2n n
AS =g5fp(t1) 2‘“1((’2)‘C“n’(s2)_°‘p(u2)+2a(s)2 fdr rl —ap(?y) f dy f de
0 0
]
X [ 4 (sin(0 - ®)) " (5in 9) 7% (5 )7V
0

X exp{—4r[a(s) sin(6 — ®) cos(y + 8) + as;) sin & cos v]}

E'ksK
X ——=— - i — s _
[sin(B—cI)) [(1 —k)sin ¢ —sin 6 cos(d — $)]
€ 'k3 . .
+— [« sin @ cos ® + (1 — k) sin(d — ®)]; . (2.19)
sin &

3. The single-Regge limit

In this section we wish to explore the behavior of (2.19) in the region of large
a(s;) and a(s) but with s, near the mp threshold. This is the region of interest for
the Deck effect.

If we put y =y’ — 0 (afterwards dropping the prime) we can write

m

2w 6
As = ~g%fp) 227V a@? far s THY [ ay [a6 [ g0
0 0 0

X (sin(6 — )" @) (sin 0)_0‘/’(”2) (sin d))—a"(sz)

X exp{—4ro(s;)[sin ® cos(y — 0) + k ~sin(§ —P) cos 7]}

sin &
X G'kusm—(Ke'ks +(1 —K)e'k:;‘)
i )
Xﬂ—)ﬂu—:'(ks —k3)sind cot @} . 3.1)
sin ¢

We can simplify the nomenclature, putting ap(f;) = ap, ag(ty) = ag, oz (t2) = aa,
o (54) = o(8,), @, (U3) = au). The kinematics is such that &y + a(sz) + @) = af.
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On the second exponential in (3.1) let us use the Mellin-Barnes transform

+ioco

dn
exp{—4ra(s;)x ! sin(@ —®) cos vy} = f o I'(—n)
—f o0

X [4roqs; )k~ sin(6 — ®) cos y]” . 3.2)

In the limit of ofs;) becoming asymptotic along the imaginary axis we can perform
the r integration:

As=—g%fp(ty) 22 a(s)? [4as )] P

+ioo 2 g 0

x[ 2%’:; P(—n)l‘(n+2—ap)x—"f d'yf defdtb

Yoo 0 0 0

X (sin @ cos(y — 0)*P ™2 " [sin(8 — @) cos v]™(sin(6 — ®)) 2
X (sin 0)"®(sin #) P 3 . (3.3)

The curly bracket in (3.3) is the same as in (3.1).
The next step is the evaluation of the integral over ¥

2n

G6)= f dy cos ¥ (cos(y — )P > 7" . (34
0

This has a simple expression in terms of a simpler integral

™
H@, b, 0)= f dy (sin 7)%(sin(y — 6))? . (3.5)
]
The solution of this simpler integral is

H@ b, 0)=(2cos 30)""°*1 B@+1,b+1)
X, FiG(1+a—b),4(1 +b—a);1@+b +3);c08® 16) . (3.6)
Paying careful attention to phases one finds

G@®)=(1+e P~ H(n, ap — 2 —n, 6)

+ (e—inn + e—iﬂ(ap—Z—")) Hm ap—2—n,7m— 9). (3.7)
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Using various hypergeometric function identities one can show that
_2ﬂ3/2e—i1wlp/2
T[3op]T[3(3 — ap)

Clearly the & integrals in (3.3) are also of the form (3.5):

G(0) = ]2F1(2—ap+n,—n;%(3-ap);sin2 10). (3.8)

[}
F©0)= [ d® (sin @) 7> "¢ (sin(p — @))"
0

X le- g osin® (ke ks + (1 —Kk)e  k3)

g Ksm® — e -
Ssin(@ —®@) oS € %3
in(6 — P

X gn.( ) +k sin § cot be (ks —k3)| - (3.9
sin ¢

One finds in fact, after factorizing some common I' functions,
F'yta-2)I(y—atl)
L2y +1)

F(9)=(2sin $6)*72 F6) (3.10)

with
F@)=¢ ksk®(2sin $0)2 (v + a—2)(y + a— 1) ,Fy(a, 1 — ;1 + v;sin? 16)

— (ke ks +(1 —k)e k3)X2sin? 10)*(y —a+ 1)y —a+2)

X, Fi(@—2,3—a; 1+7;sin? 1) + 2« sin%0

X e (ks—k3)y(y —at1),F (e, 1 —a;y;sin?10), 3.1D
where to shorten the formulae we have put
a=Lap—a(s))va, +1)—n, (3.12)
Y= 3(ap —alsy) —ap — 1). (3.13)
In substituting (3.10) and (3.8) into (3.3) it is convenient to define
ay, ay, A3 ... ap £ £ B
F( ) =T r@n Il rep1. (3.14)
by, bsy, . by i=1 j=1
We then have
—ag—1_3/2 @ ~= dn
A5 = o) 0 o )T [
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(n+2—ap, n—oy, —N, ap—a(Sy3)—2—n

lap, 33 —ap), ap—afs;) —a, :

)R(n), (3.15)
where
Rm)= f dé (2 sin %f))wp—a‘f_3
0

X, Fy (2 —ap +n,—n; 3(3 — ap);sin? %0);"(0) . (3.16)

The important features of R(x) are that it has no poles in the finite » plane and its
behavior at asymptotic # is such that, since « is always <1, the contour in (3.15) can
be closed to the left.

—ap—1 , _
As=g5Fp(t)) 27 132 [—diags))]*P k2

_ ——)
XT 'lap, 13 —ap),ap —au) — ay+1 Z;Kk(————
30p, 5 p)>ap —a(u) — o )k=0 i 3.17)

X {T(op—0ay—k—2,2—ap +k, k — a(s,)) k> “PR(@p —2 —k)
+DN(ay—ap+2—k k—0g,ap —afs)) —ay —2+k)k 2R(ay — K)} .

Using the formulae given in appendix B the values of the function R appearing in
(3.17) can be determined analytically in terms of a finite sum of ratios of gamma
functions. In this form the amplitude is amenable to a numerical study of its pheno-
menological properties. This together with the appropriate phase-space considera-
tions will be discussed in sect. 5.

In order to understand some essential characteristics we now consider the dominant
contributions for the limiting value of k : k = 0 and near the forward directions ¢; ~ 0,
ty =~ 0.

The analytic structure of (3.17) is similar to that found in the Born term. Each of
the two terms has unphysical poles at integral values of ap(t;) — a,(#;). Only in the
sum do these poles cancel. This cancellation can be shown independent of the struc-
ture of R(n). However, if one attempts, for small k, to truncate the series at any finite
k there will be uncancelled poles somewhere in the physical region. This situation
presents a challenge to the phenomenologist which has not been adequately studied
even in the simpler case of the Born term. If one restricts one’s attention however to
a small region in ap — @, the amplitude is well-represented for small k by a few intel-
ligently chosen terms in k. The amplitude of course is strongly damped in #; because
of the pomeron Regge behavior. If one therefore restricts one’s attention to the
region near ap(f,) — 0, (2;) == 1 (e.g. £y, t; =~ 0 in the case of physical intercepts),
one can see that the dominant terms for small k are those proportional to R(a,),
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R(a; — 1) and R(ap — 2). A priori the leading terms as k - O are given by R(ap — 2)
and R(a, — 1) since they provide dominant behaviors in k "P*2 and k ~*2* 1 res-
pectively:

As(ap—2)

Jap—ag), 1—Lap, J(ap—0y) — 1, —Sa(s;y), H1 — o(w)) )

=0 N
) (%(QP +1—a@) - a,), sop, J(ap — oy — a(s;)), 33 — a@) - afs,))

X {kofsy)(ap ~ay —2) € - (ks — k3) — (ap — @) — ap — 1)k € " ks]

—(1 —a) - ofs))lap —az — )€ "k3}, (3.18)

1 1 1 1

_ 5(ap —ag), ap — 5(ar+1), 5(ay —ap)+1, 1 — 30

A5(02—1)=4CK a2l_,(2( P1 f) P 2( t‘l ) 12( 2 P) 2 2)
ap +3(1 —ay — ), 30p, 3(ap —arta, +1)

X{xe-ks(ap—a(s;) —ay) — € (ks — k3)} , (3.19)

where C is the common factor
C=2"" g5 132 (1, N~ 205, ) (3.20)

and A 5(») is the contribution to the amplitude given by the pole at n =y in (3.15).
The form (3.18) has no #, channel resonance poles (no pion pole in particular)
possesses singularities in a(s,) and «(u) at even and odd integers respectively, dis-
plays typical factors of an f-dominated pomeron-reggeon-pion vertex. Moreover, at
a singularity in a(u) (or a(s,)) all resonance poles in a(s,) (or a(u)) disappear thanks
to I'™' [(3 — a(u) — a(s;))]. Thus the Steinmann relations [10] forbidding simulta-
neous discontinuities in overlapping energy variables are obeyed. The form (3.19)
has only singularities at even integers of a,. Only the term R(a,) contains the pion
pole in &, and therefore for the present we restrict our attention there:

As(ay)=4Ck %e ks

ap—ap), ap—Las+ 1), Loy —ap) + 1, —La
XF(z(P e), ap —3(apt 1), 3(ap —ap) 22) G21)

ap — Aag tay + 1), J(1+ap —apt+ay), Jap

This contribution has no discontinuities in overlapping energy invariants, in particu-
lar no resonances in the s, channel, and thus appears to be an interesting candidate
for a Deck effect like contribution in the dual framework, since this amplitude is
diffractive, includes the pion singularity and totally lacks resonances in the s, chan-
nel.
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Two further interesting points must be mentioned. This part of the amplitude is
t-channel helicity conserving for the mp system and becomes relatively more impor-
tant for small k at the threshold production of this system since the leading behavior
of R(atp — 2) is now k! ~°P.

4. Double-Regge limit

For Born-term reggeons a structure of the five-point amplitude B consistent with
the Steinmann relations emerges naturally [11]. The particle-double-Regge vertex
breaks up into two components corresponding to two possible combinations of sin-
gularities in non-overlapping variables:

BER =8, (1) B2 (t2) ™ 1) 2”2 () [E1 £ Ve, a;m) + 1 2] (41)

where

—iw(ai—aj) _ Ol(S)

alsy)alsy)

gi=Tite Y, gy=mmite

—~y+tn, 0y —0y—n
! Lo )n—". (4.2)

Ve, ay;m)= 2 F(
n=0 n+l

7; is the signature of the trajectory ¢;. In expression (4.1) it is worthwhile to note

the divergence of signature factors from a simple factorization hypothesis, and the

allocation of poles between the two parts (&, or a, integer, respectively). This

structure has been of great importance in the discussion of decoupling theorems

[12] and possesses interesting phenomenological consequences [13,14].

Now our aim is to discuss the analytic structure of the pomeron-particle-reggeon
vertex; avoiding a complete but quite tedious calculation we prefer to limit our-
selves to the study of leading contributions as = oo. For this purpose it is sufficient
to take first the limit a(s,) — oo with n and ¢, fixed in eq. (3.17). The leading term
is obtained from R(ap — 2):

BPR(ap—2) = —C'(2m)*P2P %272 2 ¢ g,

1—lap, 3(op— @), 3(ap — ay)
X F(; ) , (4.3)
sap, 5(0p —op +1)

C' =27 " fo01) P (s1) @2 s2) 5 (4.4)

and the term required by analyticity in order to compensate the pole at ap = @, is
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given by R(ay — 2):

—imap(2

B*R(a; —2)= —C'(2m)*%e € ks

1 i 1 1
% T 1 =30, 3(a —ap), ap —5(ar+ 1), 5(ap —ar) 45
lap, Yaptoy —ar—1), ap+i(l —ag —a) / “3)
24P, 2\Rp 2 f s Up T3 f 2
However, this last contribution does not possess the pion pole and another very
important contribution in this limit is

B™R(ay) = C'(2m) 2 P % - kg
y F(—é—az, 302 —ap)+ 1, ap— Jar+1), 3op - af)) 45)
lap, Yap+ay —as+1), ap — (1 +op + ay) ’

Some comments are in order concerning these expressions.

(i) Since I" functions of the form I'[4 (k — &, )] never appear in (4.5) or (4.6) and
since (4.3) and (4.5) display the factors exp [—%imxz] r[t- %ap] and exp [—%inap]
XDl - %a2 1, respectively, the same signature factor ;£;; occur in the pomeron-
particle-reggeon vertex and in the particle-double-regge vertex (cf. eq. (4.1)). More-
over, the pomeron can be coupled only to a reggeon of positive signature. This last
result is not surprising since only resonances at even integers are present in the o,
channel.

(ii) The spin dependence induced by the leading term (4.3) is very different from
the spin dependence given by the pion pole (eq. (4.6)).

(iii) Unlike in (4.1), there is no symmetry between (4.3) and (4.5). This is a direct
consequence of the distinct character of the pomeron compared to reggeons in the
dual models.

5. Numerical results and discussion

We present now a detailed numerical evaluation of the amplitude with appropriate
phase-space considerations and comparison with experimental features. Both the
double-Regge limit (DR) and the single-Regge formulation (SR) are studied. Although
the DR limit is a priori inadequate (since in the domain of interest one of the sub-
energies is barely above threshold) we think that this formulation merits some con-
sideration since it avoids the presence of poles (resonances) in the physical region, a
defect inherent in the SR formulation and more generally in all Veneziano-like for-
mulae.

Moreover, from well-known duality phenomenology, the DR description is
believed to give on the average a good representation of resonance effects.

We are first confronted with the difficulty associated with the presence of unphys-
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ical poles in our amplitudes at integral values of ap(t;) — o, (¢3).

We have verified that in the kinematic domain of interest: [#;| $ 0.5 (GeV)?,
M,, < 1.6 GeV, and for our choice of trajectories ap(¢; ) and a,(¢,), a unique singu-
larity appears for ap(#;) — a;(¢;) = 2. In the SR limit this spurious pole is automatically
cancelled order-by-order in the expansion in k (eq. (3.17)). In the DR limit our formu-
lation includes the dominant term (4.3) in energy, however strongly suppressed by the
kinematical factor € - k3, and the term (4.6) exhibiting the pion singularity. This last
term having a spurious pole at ap(t,) — a,(#2) = 2, we must add an extra piece cancelling
this unwanted singularity. This piece is given by a non-leading order contribution in n
when the limit a(s, ) — o is taken in 45(ap — 2):

ap—ay—2 —imay (2

—C'en)*? %2 e kse
% (1 —4ap, 3(ap— ), 3(ap— ) 1) _
lap, 33 +a; —ay)
Conventional phenomenological trajectories have been used:
ap(t)=1+%t;, o(t))=05+1y, og(t)=—p +1ty.

Furthermore, it was necessary to give a small imaginary part to the trajectory in

(arbitrary units)

do / dt, dMpr

1.5
Mpm ( GeV)

Fig. 3. Calculated pn mass distribution in the single-Regge limit, for three values of the transfer
momentum ¢4 (-0.012, —0.055 and -0.11 GeV?). Solid curves: full amplitude ; dashed curves:

1*S, M = 0 contribution.
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11=-.0556ev" N
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do/ dt, dMpm (arbitrary units)

n
o

1
1 13 15 M

pr (GeV)

Fig. 4. Calculated pm mass distribution in the double-Regge limit for three values of the transfer
momentum ¢y (—0.012, —0.055 and —0.11 GeV2). Solid curves: full amplitude; dashed curves:
1*S, M = 0 contribution.

the production channel o(s,):

a(s3)= s +853 + NSy — (mp + ug)?

in order to add an ad hoc width to resonances. Thus, in the SR limit results depend
on the parameters sy and A which control positions and strengths of resonances. The
choice adopted (5 = 0.137 GeV?, A = 0.1825 GeV) corresponds to a peak near 1.3
GeV slightly emerging from the non-resonant background as data show [15]. Finally,
it is interesting to notice that the series (3.17) converges quite rapidly; the first three
terms are sufficient to give a very satisfactory approximation in the restricted kine-
matic domain considered.

Our most significant results are depicted in figs. 3 to 6. The lab. momentum was
arbitrarily taken to be 13 GeV/c and masses of the proton were assigned to particles
1 and 2 in order to recover a realistic kinematical situation. As a practical matter,
our conclusions are almost insensitive to variations in energy or to this last assign-
ment. We see in figs. 3 and 4 that both calculations furnish a strong enhancement
in the invariant-mass distribution just above threshold. A partial-wave analysis allows
us to show that the low-mass distribution is predominantly an S-wave J© = 17 state.
The method of partial-wave analysis is borrowed from Berger and Donohue [4],
where technical details can be found. The partial waves were obtained in the pm
t-channe] system of axes;J is the total spin of the pr system and M is its projection
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&
110
-
é L
5.
1 P i n A L
1 1.2 14 Mpm (GeV)

Fig. §. Variation of the slope parameter as a function of the invariant mass M.

along the r-channel z-axis. We have verified that amplitudes with M > 0 are very
small, as expected since our model provides approximately ¢-channel helicity
conservation, and we do not discuss them further.

The peak of the distribution occurs at M,, =~ 1.1 GeV for the DR formulae (fig.
4) in agreement with data whereas for the SR limit this peak is somewhat nearer to
threshold but the exact position now depends on the strength given to the resonant
part of the amplitude. In this case the M =0, 1*S contribution possesses a shoulder
structure near the resonance region. This is due to a contamination of the resonat-
ing part of the amplitude which contributes not only to partial waves specific to the
A, resonance but also to partial waves with smaller angular momentum. This is a
well-known defect of Veneziano-like formulations. A detailed analysis of other par-
tial waves would require one first to cure this disease.

Mpr=11GeV
1.163./“ 1 i

1.205 ¢ .\
/ .95 -
1.3 - S
o>~
[
fid
14 - =2
£
- —
1.5.\ :
17, 9 <
I e

1 | X L i .

ReA (arbitrary units)

Fig. 6. The Argand diagram for the 1%S, M = 0 partial wave as a function of M on- Units are
arbitrary.
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It is worthwhile to note that duality appears to work as expected: although the
SR calculation seems to be a bit stronger than the DR resuits, the latter reproduce
the SR ones both quantitatively and qualitatively since the order of magnitude of
cross sections are the same, and since the strong enhancement near M, = 1.1 Gev
is comparable in shape and strength.

In fig. 5 we have plotted the mass-slope correlation given by this model. The
result compares quite favorably with the experimental slope [16] of 10.6 = 1.2
GeV~2 in the A, region and of 5.8 + 1.1 GeV~2 in the A, region.

Finally, in fig. 6 we present the Argand plot of the real versus the imaginary part
of the partial wave 1*S, (M = 0) for #; = —0.05 GeV? in the DR case. Surprisingly,
this resembles resonant behavior in two-body reactions since an anti-clockwise loop
is described with strong variation near My, =~ 1.1 GeV.

This result is very different from other calculations [17] based on a more naive
double-Regge formulation where there appears to be no evidence for any resonant
behavior in this diagram.

We have studied the leading contribution of a single dual pomeron to diffractive
dissociation of a m meson into a px system in the framework of the Neveu-Schwarz
model. It was found that the resulting amplitude satisfies asymptotically #-channel
helicity conservation at the threshold of the on system, a result in nice agreement
with data. In the single-Regge limit, for k = 0 two competing main contributions
are obtained, one of them containing the pion pole, the other one having resonances
in the pm channel and the associated crossed channel.

The double-Regge limit allows one to compare the double reggeon-particle vertex,
known for a long time, to the pomeron-reggeon-particle vertex. We find that the
separation in two terms required by analyticity breaks the phase factors in the same
manner for these two vertices.

Finally we have shown that the non-resonant mass spectrum predicted by this
model, which respects analyticity properties (Steinmann relations) and satisfies
requirement of duality, does not require a resonant A; .

We take this opportunity to express our gratitude to J.T. Donochue for his interest
in this work and for useful remarks. We are also grateful to him for communicating,
and assistance with, his numerical program for projecting amplitudes in partial waves.

Appendix A

The trace in (2.6) factors into two terms, one being merely the trace over the
orbital oscillators and the second being a trace over the fermionic oscillators of the
NSM. Each of these is reducible to a vacuum expectation value,

Tr{WLOQVn(kla 1) Valka, p2) QV5(ks, p3) Vp(k4a Pa) Vr(ks,ps)}
= TaTb, (Al)
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iky-Q(—1) . iky Q(—
T, = Tr{w"0% :¢/¥1° 20D, pik2 2(=p2),

>

X :eiks'Q(Ps): :eik4'Q(p4): :eiks'Q(Ps):}
L
=Tr{w %k, - H(—1)k, - H(—p;)k3 - H(p3)

5
X ke Hpa)e H(pa) +i 20 k; € Geryoaloy w)lks *H(ps)
‘ea
Fori and j not separated by a twist

Gy(pilpj> w) = G(pi/pj, w)

=i{ InGeilp)) , 4 (ln(p ilp}) /lnw)},

—1In
Inw d 6 2mi 27

whereas for i and j separated by a twist
Gny(oilpjs w)= Gr(pilp; w)

;| nCoilpp) . d In(p;/p;) [Inw
"[ Tnw PG, 02( i /‘25)}

T, is the same trace that occurs in the conventional Veneziano model:

= (= 2T\P DS 1y £0)-P g
T, ( lnw) 4 (Zi;kz)f(W) il;[j\Il(T)(P,/p,,w)

Here D is the dimensionality of space-time (10 for NSM),

so=1I1 a -
and either

Iny /lnw
n?x \*'\3m | 2
Y06 w)= ¥(x, w) = —21Ti(exp ) Sl :

2Inw
/)
2mi

Iny [Inw
- _ ln2X ) A5 | 5w
¥ w)= Y1, w)= 21 (eXp T

, Inw
b1 (o/ 2mi )

depending on whether i and j are separated by a twist (A.8) or not (A.9).

or

525

(A2)

(A3)

(A4)

(A.5)

(A.6)

(A7)

(A8)

(A9)
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In terms of the variables defined by (2.8a) and (2.8b)

2 1 —2r" cos(8; — 0;) + r*"
W(ojlpr) = -1 sin §(0; - ﬂ - 2,,)2 ' . (A10)
7 12777 cos(8; — 6;) + r*" 2
¥ = ‘1/4 7 i .
t(pjlo:) = o n“1 a =y , (A.11)
Inr 1/2
fw)= 1/3( - ) w"1/24r1/12f(r2), (A.12)
242
Sw)= r-;,—i(il——w— . (A.13)
n (1 +r2n+1)2
n=0
2n d (6, 6;—0; /lnr )
G(pilpj, W)= ——— — 1 , .
@ilpj w) Inw do; n 27 2mi (A-14)
2m d 8; —0; [Inr?
Gr(oilpj W)= — —— —1 N | ——-) .
(pilop W)= - 1 3, n04( P / P (A.15)

The trace T}y of eq. (A.3) can be written in terms of a vacuum expectation value:

Tp= 11 (1 + W™Dk - B(—1) k3 - B(—p ks - H(p3)
n=0

5
X [ka - H(pa) € - Alpa) + 1121 ¢ - kiGr(palpj w)]ks - H(ps)I0).  (A.16)
+#4

The H of (A.16) is the same operator as H of (2.2) except that the fermionic
oscillators b}, and bj;" of the original H are replaced by

n . ___ Y bn

=T o A (A.17)

= s bz'wn+1/2

respectively. R
A vacuum expectation value of an even number of H’s is given by contracting

them in pairs in all possible ways. That is:

<onﬂ b BEIO= 2 (<1)F H gy iy X oy oy ).

perms
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The parity P of the permutation is the number of H'’s that are skipped over in pair-
ing the H’s two-by-two.
By b X (pjlps, wy = (Oiky - H(o) by - H(op)|0) - (A.20)

One finds before and after the Jacobi transformation (2.8a, b)

S~ (i)™ 2 + (woylpy™t 12
X pylps, wy= 21 LI T T
m=0 w

23 (oiley™t 2 + wioilppy™ 12

7 A2l
Inw m=o 1+w™m 12 (A.21)
If i and j are separated by a twist it is sometimes convenient to define a xgrl/ 2).
2mi A
X Ppjlo w)= XD pilps, W) =1— XD ojlpi, ) - (A22)

Applying (A.19) to (A.16) we have
n[lo(l + w2 DT, = ¢ kox(pslpa)lks * ka Ky kaX(0al03) X(02)

tky k3 ky - kaxt(ps/p2) x1(0a) — k1 k3 Ky - kaxt(p3) X1 (Pa/p2)]

— € kax(palp3)lka ks ky " kax(os/pa)x(p2) + ko ka by ks

X x1(Palp2) XT(0s) — k1 “ kg k2 “ksx1(0a) XT(05/P2)] +€ k3
Xx1(Palp2)lka ks ki -ksx(os/pa)xt(p3) + k3 ks ky " ksX(palp3)
Xx1(Ps) —k3 ks ky *kax(ps/p3) x1(pa)] — € “kixr(pa)lka " ks

Xky  k3x(os/pa) x1(P3lp2) + k3 ka ka * ksx(palp3) xr(psip2)

—k3 ks ka kax(ps/p3)xr(palp2)] +ile - ksG(palps) + € -k3G(palp3)
te kyGr(oalpr) + € ki Gr(pa)l[ks ks ky - ka2x(ps/p3) x(02)

tky k3 ki ksxr(ps/pz) xrles) — k2 ks kq - k3x(os/p2)x1(03)] -
(A.23)
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Appendix B

Here we derive some useful formulae allowing one to obtain the residues of poles
in the n plane (3.17) and for arbitrary integer k. First we exploit a property of
hypergeometric functions [18]:

F@ b;c;x)=(1 —x) %" °Flc—a,c—b;c; x) (B.1)
which enables us to rewrite (3.16) in the form
R(n)= {€ ks k*(ap— a(sy) — n — 2)(ap —as3) —n — 1)
XGQR—ap+n, —n;n—ay, ap —a(sy) — n;3(ap — ap)
—[ke ks te-k3l(n—ayn—ay +1) '
GQR—ap+n,—n; n—0y+2,ap —o(sy) — 1 — 2; 5(ap — )
tke (ks — k3)n — ap)(ap —afsy) —ap — 1)
X G —ap+n,—min - g, ap—ofsz) — 1~ L4 —a)} . (B2)
where we have defined

n
GQa, 28;2¢', 28';b) = f d® (sin )20 1
0

X FQ2a, 28,0+ B+ 1;sin? 1) F2a', 26'; 0 +§' + §5cos® 3@) . (B3)

Next we use a quadratic transformation of the hypergeometric function:

. 3 a+tb+3 1
A2, 2b;a+b+%;7(1:\/x))=r(a+% b+%) F@ b;3;x)
1 1
-3, ath+s
svi (T ra o i, B4
to find that (B.4) is

1
G(2e, 28,20/, 26';B)= nl(@ + B + 3,/ +6'+ §) [ dxx 7121 —x)°~!
[}]

« [F(a,ﬁ;%;x) F@,854:%)

1 1
F(a+%sﬁ+%’al+_sﬁ’+i)

xF(a+§,B+l;%;x)Ffa"+%,ﬁ'+%;%;x)} _ (B.5)
F(a, B,a sﬁ)
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Then the problem of evaluating (3.17) is restricted to calculating the residues of
I'(2e, 28, 2a/, 28") G(2¢, 28; 2a’, 28'; b) when one of the arguments 2a, or 2a is
equal to a negative integer. Let us consider for instance 2a’. Following the parity
of 2a’ one term only of (B.S) gives a residue; one of the two hypergeometric func-
tion is reduced to a polynomial inx and the last step to be done is the calculation
of integrals of the type

1
fdxx‘”k"l(l - x)* "' Flo, B;a:x) = Iy @, b; «, B) , (B.6)
0

which is a representation of the hypergeometric function 3F,:
Ii@ b;a,B)=B@+k,b) 3F(a,B,a+k;a,a+b+k;1). (B.7)

In order to exhibit clearly the analyticity properties of the résult, it is convenient
to use a generalization of Dixon’s theorem [19] and rewrite

a, b, a+b—a~ﬁ)

I @ b;a, =I‘(
k@ B at+b-f,a+b—-a

X 3F,(~k, b,a+tb—-a-f;a+tb—-f,a+tb—-a;1), (B.8)

where now the hypergeometric function is reduced to a finite sum of products of I
functions.

Thus we find the following residues R'(2¢") of I'(2a, 28; 2a, 28"), G(2¢, 28; 2¢/,
28'; b) for 2o’ = —21 and 2a’ = —(21 + 1) respectively:

!
R’(2l)='(—_p1—) 27— 2(E a1/

Xr(ﬁ”ﬂ,-l-%_l’ a+3+%: Q, B9 b:%"'b_a_ﬁ)
Y+b—a, L+b-8

DB

—— JF(-k,b,i+b—a—-fi+b—a,l+b-8;1),(BI
k=0 (i‘)kk! 3 2( 2 (4] ﬁ2 ] 6 )( )

1
R'(2+1) =.(:l'1_)__ 9—2—4+2(8'+at ) —1/2

XF(5'+;, B’—l,a+ﬁ+l,a+%,ﬁ+%,b,%+b—a—1)
1+b—a, 1+b—8

LD+ B0
X 2y ok T2k

Fo(~k,b,l+b—a—-p;1+b—0a,1+b-3;1),
k=0 (g)kk! 3 2( 2 ﬁ 6 )
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with
I'(x +k)

(x)k=—l1—(x‘5—*-
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