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Intermediate inelastic states in pd scattering and the triple-Regge conphngs
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The high-energy real and imaginary parts of the pd forward amplitude are compared with those predicted
by the Glauber theory. The differences are quaIitatively explained including the intermediate inelastic states
in the framework of the triple-Regge formalism. A Pomeron with intercept larger than one is clearly
required, In a quantitative way the RRR and RRP couplings extracted from inclusive data cannot explain the
difference of the real parts. We study the possibility of changing the values of these couplings in order to
explain such a difference without spoiling the fit to inclusive data.

I. - INTRODUCTION

Hadron-nucleus scattering has been revealed as
a good laboratory t'o test several ideas and models
on particle-particle interactions. In this sense,
extensive work has been performed in the past few
years. ' In particular, the role of the intermediate
inelastic states in hadron-nucleus collision has
been studied in connection with triple-Regge
ideas. ' The Glauber model' predicts total cross
sections which grow faster than the experimental
data. ' The inclusion of the intermediate states re-
duces the Glauber cross section, and using the tri-
ple-Regge couplings determined from the inclusive
data, one obtains good qualitative agreement'

'with the experimental results. In this paper we go
further in this type of analysis, looking at the real
part of the pd scattering amplitude. This real
part, extracted from the data by means of deriva-
tive analyticity relations~ (DAR), is compa, red with
the Glauber model" showing some differences
which are discussed in terms of the triple-Regge
approach. We find qualitative agreement if the
I'omeron has intercept larger than one, although
some quantitative discrepancies appea, r due mainly
to the strength of the RIfB and RAP couplings. We
also show that in the imaginary part of the pd scat-
tering amplitude some quantitative differences oc-
cur. We study the possibility of changing the values
of those couplings in order to explain such a differ-
ence without spoiling the fit to inclusive data. We
conclude that the introduction of intermediate in-
elastic states represents an improvement to the
Glauber-model predictions, and, moreover, a good
place to study and test triple-Regge ideas.

The paper is organized as follows: In the next
section we present the Glauber-model predictions
for the real and imaginary parts of pQ scattering
amplitude; in Sec. III the experimental data on the
pd total cross section and the DAR are presented;
in Sec. IV we introduce the contribution of the in-
termediate inelastic states in terms of the triple-
Regge formalism, and we present the results for

the different contributions. Finally, in Sec. V the
discussion and conclusions are presented.

II. THE GLAUBER MODEL

T'„(k, q) =, d'p G(p') T„(k, —,'q+p) (2)

x T~„(k, 2 q —p),

where T» and T~„are the amplitudes corresponding
to pN processes and G(q') stands for the deuteron
form factor.

The proton-nucleon amplitudes have been param-
etrized in different forms. The form adopted here
1s

T»(s, t) = T~„(s, t)

=o',~(s) [i+p»(s)] exp [B,(s) f/2 J,
and its value will constitute the input of our calcu-
lations in this section. We have introduced

p»(s) = Re T»(s, 0)/or~(s)

The phase of the amplitude has been approximated
by a constant, corresponding to its value at I, =o.
This seems a reasonable approximation since only
the small f, values are relevant, owing to the pres-
ence of the d form factor. A fit to pp data leads to
the following numerical results:

In the context of the Glauber model, "the ampli-
tude for pg scattering can be given by the sum of
single- and double-scattering terms

T,(k, q) =T' (k, q)+T' (k, q),

where k is ip, i
and q is the momentum transfer.

Normalizing in such a way that or(k) =ImT(k, 0),
the expressions of these two terms are

T~, (k, q) = [ T»(k, q) + T,„(k,q) jG(q'/4),
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or~(s) =25.25+50.48s ""+2.071ns,

Bo(s) = 8.32(1+0.0681ns),

p»(s) = 0.612 + 0.098 lns,

(4)

where 0'y Bo and s are given in mb, GeV ', and
GeV', respectively. The deuteron form factor is
given by

0,05
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G(q') =- C(f) = exp(37f), (5)

which is sufficiently accurate for the range of en-
ergies considered.

The real and imaginary parts of T~~(s, 0) in the
forward direction predicted by the Glauber model
can be expressed in terms of the pN parameters
as follows:

-0,10

—O, l '5

FIG. l. Hatio p& for DAR and Glauber theory. In this
ratio the imaginary part is taken from data.

each,',(s)=oa'„2~( , )2p~~( )2

gPP
4s r 2 P» 2 37+B,(s/2) '

(mr~(l, o) =2rr'„~(2)
(6)

The values of the parameters n and P in Eqs. (7)
must be chosen in such a way that they minimize
the s dependence of or/s ' and or/ss ', and also
n, P ~2. Taking o=l, /=0, Eqs. (7) reduce to

F
H 7.'

+ —,p ' ——1 o»'(s/2)8, 2

1

37+Bo(s/2) '

whereas , before, ImT(s, 0) =or(s). Using the val-
ues quoted in Eqs. (4), one can immediately evalu-
ate HeT~~ and ImT~~. The corresponding results
for 100 «s «1200 GeV have been plotted in Figs. 1

and 2.

III. EXPERIMENTAL DATA ON pd AND DAR

The real part of the forward pd scattering ampli-
tude can be extracted from the experimental data
on pd and pd total cross sections by means of de-
rivative analyticity relations (DAR). From the us-
ual dispersion relations, one can deduce the fol-

lowing expressions' on rather general grounds:

Rer = —— (sor) .m 1 d
2 s d lns

Finally, from these expressions one obtains the
amplitudes for the physical processes

7F Cf r
ReT(pd)= — o (pd)- —o

2 41ns

ReT(pd)=
2 „1 or(pd)+ 4 or.IT Ct — 7t'

(10)

Ze-

(rnb)tot

The experimental data' on or(pd), from which
one can deduce ImT(pd) and [making use of Eqs.
(10)] ReT(pd), may be parametrized according to

7T&
HeT =-o~ cotr 2 76

+ pcsc ~ ~ + '''

wP
HeT =o tan—T 2

2 dlns s

(7)
74

TOT,

where 7, are the definite-signature amplitudes

T, = 7 (pd) ~ r(pd),

or = or( pd) a or(pd) .
(8)

72 ™
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FIG. 2. g.„,in Pd for Glauber and the fit to experimen-
tal data.
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FIG. 3. Intermediate states in the double-scattering
term.

ar (s) = A+ Bins+ C(lns)'+Ds ' ',
o' "(s)—o"(s) = o, =~s "'

with A=64. 65 mb, B=-0.92 mb, C =0.29 mb, D
=74.62 mb, E =123.6 mb. Similar results can be
obtained by means of other reasonable parametriz-
ations, i.e., parametrizations fitting the data in
the available energy range and a.ccounting for 3.5-
mb rising of the total cross secthn between its
minimum and CERN ISR energies.

The values obtained for the real and imaginary
parts of the amplitude T(pd) have been plotted in
Figs. 1 and 2, and can be compared with the Glau-
ber-model predictions. Concerning Re T( pd), the
two curves present a zero at the same energy val-
ue, s=so. Below this energy the results for
ReT(pd) obtained through DAR are larger than
those predicted by the Glauber model; the situation
is reversed in the other energy range, i.e., s&s, .
Concerning ImT(pd), the prediction coming from
the Glauber model turns out to be systematically
larger than the experimental points.

It is worthwhile to note that these discrepancies
are unambiguous and cannot be attributed to uncer-
tainties associated with the curves, such as exper-
imental errors in gr(pd), approximations intro-
duced when dealing with DAR, uncertainties on pN
data used as an input in Glauber model, etc. The
main purpose of the following sections will consist
of the study of these differences in the framework
of Glauber theory which incorporates the contribu-
tions of inelastic intermediate states.

Notice also that the simultaneous analysis of the
discrepancies appearing in the real and imaginary
parts of the pd scattering amplitude is certainly of
interest. Indeed, as we have shown in the Appen-

FIG. 5. Reggeization of the particle —two-nucleon amp-

litude.

dix, the Glauber model satisfies DAR accurately.
Therefore, it is not sufficient to correct the im-
aginary part, and, a more sophisticated treatment,
correcting both parts simultaneously, seems to be
required.

IV. INTERMEDIATE INELASTIC STATES

he intermediate inelastic states were first in-
troduced by Gribov in order to explain the differ-
ences between the experimental cross section and
the imaginary part of the pd scattering amplitude
predicted by the Glauber model. ' ' Qne expects
that a more complete treatment will also be able to
account for the discrepancies in the real part. The
diagrams corresponding to these intermediate
states are shown in Fig. 3, and their contribution
to T(Pd) can be expressed in terms of

6T=— 3A k, p c p (I2)

A(k, P) = g &«(t)P&(t)s «'"s &'"Z, (t)@(t)

(I3)

TABLE I. Sign and energy dependence ($rising, (de-
creasing) of the contributions of the different terms to
the real and imaginary part of the scattering amplitude.
PPK denotes PP&+ PPR and similarly for RRK and 7rm K.

where A(k, P) is the particle-two-nucleon amplitude
shown in Fig. 4. The pole originated by the ex-
change of the incident particle is just the double
Glauber term and, consequently, it has already
been taken int-o account.

For large values of s, the amplitude A(k, p) can
be Reggeized' as follows:

Intercept Re 7.' ImT

FIG. 4. Particle —.two-nucleon amplitude.

RRK
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TABLE II. Real part at different energies. &,„denotes the difference between DAR and the
single term of the Glauber theory {Glau s) &tot denotes the sum of the double Glauber term
{++y) and the inelastic contributions {RR&+~~R, PPP+ PPR).

DAR Glau s RRK PPK

200
400
600
800

1000
1200

—7.626
—2.745
—1.972
—0.859
—0.074

0.520

—12.301
—5.491
—4.126
—1.947
—0,234

1.183

1.004
0.449
0.338
0.160
0,019

—0.098

0.360
0.295
0.283
0,266
0.255
0.246

—0.065
—0.089
—0.094
—0.102
—0.110
—0.115

1,299
0.655
0.527
0.324
0.164
0.033

4.674
2.746
2.153,
1.088
0.159

—0.663

incr„„(M', p') =g g„(0)g„„„(p')1m'„(0)

&& (M2)~(0) ~x(& ) ~ (D ) (14)

where g are the triple-Regge couplings shown
in Fig. 5. The contribution of the inelastic inter-
mediate states to the pd amplitude can be obtained
introducing this last expression in Eq. (12). One
has

bT=Q —,f dtdM '„(,)'

G,»(t)(M')"""G(f) (15)

where 6,» are the usual triple-Regge residua de-
fined in Ref. 11. Notice that 6T is not a real func-
tion owing to the presence of the factor 4(t)/$f(t),
which splits the contribution of each term appear-
ing in the sum into its real and imaginary parts.

The dominant terms in the sum of Eq. (15) can be
represented by ijk=ABA, RAP, PPA, PPP, wmA,

nmP. Interference terms in i, j do not appear since
only pairs of Reggeons having the same signature
and subjected to isospin and 6-parity selection
rules can be coupled. Following the general atti-

where $,(t), $, (t) are -the usual signature factors
f fi&g(t)

sinn o.', (t)g,.(t) =

g, are the Reggeon-nucleon residua, and N(M', P')
is the nucleon-Reggeon amplitude. The validity of
Eq. (13) requires s/M'-~ and M'-~, and in the
last limit (large M') one can also Reggeize the
amplitude N. One obtains

tude adopted when dealing with inclusive reactions,
we have also disregarded PA terms. In order to
obtain the contribution to the real and imaginary
parts coming from each term, we have approxi-
mated the signature factors to its value at / =0.
'This is a reasonable approximation owing to the
presence of the d form factor. Terms containing
R can be assumed to be dominated by f exchange,
which is well known to be strongly coupled to ex-
ternal particles. " Therefore, RRA and RAP
terms, owing to the value (-,') of the Reggeon inter-
cept, contribute exclusively to the real part of the
amplitude with a positive contribution. If the in-
tercept of P is unity, the PPA and PPP terms give
a negative contribution to the imaginary part only.
On the contrary, if this intercept is larger (smal-
ler) than 1 they give an additional negative (posi-
tive) contribution to the real part. Finally, vgB
and wnP terms only contribute to the imaginary
part and with a positive sign (vanishing w inter-
cept). The situation is summarized in Table I,
where the contributions of the different terms to
the real and imaginary parts, their signs, and be-
haviors have been indicated.

In order to get quantitative results, one has to
perform the integration of Eq. (12) for each term
appearing in the sum of Eq. (15) and introducing
the corresponding values of triple-Regge residua.
In this paper, we have used the values deduced in
Ref. 13 from inclusive reactions data. The t de-
pendence of these residua has been parametrized
by

G;yg,
= A (jp exp(BO I,f),

TABLE III. Imaginary part at different energies {the notation is the same as that of TableII).

0 tpt Glau s &ei

200
400
600
800

1000
1200

73.142
73.229
73.628
74.046
74.442
74.809

76.550
77.107
77.607
78.430
78.974
79.454

—3.045
—3.119
—3.179-3.227
—3.265
—3.297

—0.340
—0.436
—0.495
—0.539
—0.575
—0.604

0.308
0.284
0.208
0.212
0.21 5
0.217

—3.077
3+271

—3.466
—3.544
—3.625
—3.684

—3.407
—3.878
—4.1 78
—4.383
—4.532
—4.644
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o~(t) = 1+ a + a' t, (17)

and the P intercept is taken as 1.06 as in Ref. 3.
In this section, however, we shall take

where ~ is a free parameter. The limits of the
integrals are m[b, (1230)] ~M' & es, with a=0.2,
and 0&ltl &~. For the real part, integration of
Eq. (13) leads to

Re6Tssz= Ass+. exP [nz(0) —1]q+ o'z(0)
2 E, ll 2

—+~ In~(0) I -E,
2

+ q- A o.,(O) l

37+a & 37+a » 37+a

where q =lns, A. =-Inc, A =lnm[b, (1230)],K=R or P, and E,(x) has been defined in Ref. 14. Similarly,

Re6T~„~ = -A~~s, He ~ exp [oz(0) —1]q—,[2b, —o'„(0)+ 1]
1 $~(0) R + 37

x &gl I ~ +g —A [2& —o' (0)+1]
l
—R~l I

+~ [2t —n (0?+1]
I

I'( a+37 t(B+37
2e' jJ

(18)

(19)

'The corresponding imaginary parts have been ob-
tained along the same lines. The numerical results
corresponding to the different contributions have
been collected in Tables II and III.

V. DISCUSSION AND CONCLUSIONS

I et us first discuss the real part of the ampli-
tude. For energy values smaller than that corres-
ponding to the zero (s & so), a positive correction
is required in order to increase the real part of the
Glauber prediction. Such a correction, on the other
hand, should decrease with the energy. The RRR
+ RRP term presents such a behavior. However,
for s &s, the correction should have the opposite
sign and increase with the energy. This can only
be achieved with the presence of PPR + PPP terms
involving a Pomeron with. intercept larger than one.
Fortunately, the modulation introduced by the pro-
duct of signature factors reduces the value of these
contributions in such a way that at lower energies
(s & s,) these additional terms do not destroy the
previous and successful behavior of RRR+ RRP
terms. We can therefore conclude that from this
qualitative analysis of the real part, a Pomeron
with intercept larger than one is required. Such a
conclusion is fully consistent with those coming
from many works on two-particle scattering and

multiparticle production. "'" "
We now turn to the imaginary part. As is well

known, the PPR + PPP terms reduce the cross
section coming from the Glauber model and tend to
improve the agreement with the data. Here, one
has also to take into account the presence of nwR

and nmP terms contributing with a positive sign,
i.e., t nding to suppress the corrections introduced
by PPP and PPR. If the n'mR +mmp term is small
enough, the agreement will be good.

From a more quantitative point of view, the nu-
merical results quoted in Table II show that the
differences between DAR results and Glauber-mod-
el predictions cannot be completely explained.
Triple-Regge terms are clearly insufficient, even

I

if the large errors associated with the two curves
of Fig. 1 are taken into account. The situation
could only be improved with a RRR+RRP contri-
bution taking large values for small energies and
then decreasing for greater energies. Such a pos-
sibility could be achieved by simply adopting a lar-
ger (smaller) residue for the RRR (RRP) vertex
than those obtained from present fits to inclusive
reactions data. Concerning the imaginary part
quoted in Table III, triple-Begge terms are now
able to explain the previous differences within the
errors. Obviously, a, smaller wmR+n~P contribu-
tion superimposed to a more rapidly rising PPP
+PPR term would be highly desirable. This last
possibility could be easily obtained working with a
Pomeron with intercept larger than 1.06 (say 1.10)
as is also required from independent analy
ls 12,16 18

One has to remark that the RRR and RRP terms
are poorly extracted from the data on inclusive
reactions. Indeed, the information on these terms
comes from the fit in the range x=0.8, 0.85 with
large values of s. This information is not suffici-
ent to separate the RRR, RRP, wmR, wwP contri-
butions from their global sum. In order to obtain
more information, it i.s usual to fix the pmR and
mmp contributions in the form"

( t)e~p(& P )

4" or (wP) (,), (20)

taking the off-mass-shell factor with 5, =0. If one
uses 6, =5-10 GeV', as required by other analy-
sis, the wmR and nwP contributions would be smal-
ler and a larger RRR and RRP contribution could
appear when fitting the inclusive reactions data.
There are additional reasons suggesting that RRR
and RRP contributions are not well extracted from
the data, in particular, the unconventional t depen-
dence obtained for the RRP residua. Indeed, it
thorns out to increase as

l tl for
l tl ~ 0.3 GeV' and,

as has already been pointed out," this suggests
that contaminations from other terms are present.
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On the other hand, the strength of the BRA term
is strongly dependent on the P intercept, which al-
ready controls the strength of PPP." Using values
for the P intercept around 1.10, a much larger
RRR residue is required.

The discussion in the preceding paragraph casts
some doubts on the values of the triple-Regge re-
sidua ERR, RRP, nmR, nmP. It also indicates that
the possibility of having larger RRR and smaller
RRP, nnR, and mnP residua is reasonable. 'This
turns- out to be in agreement with the results ob-
tained when comparing Glauber predictions with
experimental data. It has to be noticed that the
real part of the pd scattering amplitude constitutes
a good laboratory in order to analyze the values of
RRR and RRP terms, since there are no contam-
inations arising from ~mR and wwP.

In conclusion, the introduction of inelastic inter-
mediate states represents an improvement to the
Glauber-model predictions concerning both the
real and imaginary parts of the pd scattering am-
plitude. These intermediate states have been de-
scribed in the framework of triple-Regge theory.
Therefore, additional information on important re-
lations of this framework can be obtained, thus
complementing the usual information coming from
inclusive-reactions data. In particular, the quali-
tative analaysis on the real part implies the ex-
istence of a Pomeron with intercept larger than 1.
Similarly, in order to achieve a quantitative agree-
ment between both real and imaginary parts of the
amplitude, a revision of triple-Begge residua is
required. This is particularly true for the RAR
and RRP terms, where some vwR and mnP contam-
ination seems to be present. An experimental
measurement of the real part of pd scattering am-

plitude at ISR energies would be of interest in or-
der to establish the triple-Hegge couplings.
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APPENDIX

In this appendix we show that the real and imag-
inary parts of the pd scattering amplitude pre-
dicted by the Glauber model are related by means
of an analyticity dispersion relations. -Indeed,
when one applies the DAR to the imaginary part of
Glauber model, the expression of the real part of
this model is obtained.

We know from Eqs. (6) that

oor(Pd) = 2o"+ (P
' —I)—o»

PP 8+, T 37+BPP
0

os(Pd) = 2or~+ (P~ p' —1)—o~r'

(A1)

Introducing these expressions into Eq. (10) of the
DAB, we can evaluate the real part of pd amplitude

Rer(Pd) =
2

cror(Pd)

—
4 [cror(Pd) —o~,(Pd) j . (A2)

pp pp
1

ReT(pd) =2or p»- 4 or p» 37 &»+&,
7r + B~

where

(A3)

Taking into account that nucleon-nucleon amplitudes
satisfy DAB, one obtains

'- 1)o» d
32(37+ B,)

(rr„—iii') +[Her[]ip]' —ReT]p]i)']+2 . [ReT(pp)]' — " ' a»I (A4)dlns 37+/to» ding
]

The first two terms in Eq. (A3) are just ReTo(pd).
The last term (A4) is one order of magnitude smal-
ler than the others, in the energy range con-

I

sidered. 'Therefore, the real and imaginary parts
of the Glauber model are related by the DAH in an
approximate way.
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