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Approach for the three-body force effect in a high-energy approximation:
Application to hadron-deuteron elastic scattering

Mohamed A. Hassan, Tarek N. El-Din Salama, and Zeinab S. Hassan
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In the framework of the Glauber approximation, using a simple suggested approach for the three-body force
effect and taking into accountD-state and phase variation effects,p-, p̄-, andp2-d elastic scattering differ-
ential cross sections at different energies are calculated. In general, one or two effects only from the three used
effects are not enough to obtain a good fit with the data. Thus, with theD-state effect as a principal correction,
the three-body force effect plays a role in the scattering process. The reality of the three-body force effect with
a small contribution can be accepted to obtain a good fit with the experimental data.
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I. INTRODUCTION

In principle, scattering processes should provide more
formation than bound states in the search for evidence
three-body force effect@1#. Many authors are concerned wit
this subject at different energies. At low energy, in Ref.@2#
the small discrepancy between the neutron-neutron scatte
lengths for thed(p2,g)2n andd(n,2n)p reactions is inter-
preted as a result of three-nucleon force effect in the fi
state of the latter reaction. The improved results for nucle
deuteron scattering lengths have been obtained by Che@3#
and Osman@4# including the three-body force. Osman
Ref. @4# concluded that the three-body forces which ar
from the different meson exchanges are very important,
their inclusion improved all calculations on the three-bo
system. A new approach to include a three-nucleon fo
into three-nucleon continuum calculations was presente
Ref. @5# with the results for elastic nucleon-deuteron scatt
ing as well as for the break up process. Neutron-deute
elastic scattering cross sections were calculated in Ref.@6# at
different low energies using modern nucleon-nucleon in
actions and the Tucson-Melbourne three-nucleon force.
dictions based onNN forces only underestimate nucleo
deuteron data in the minima at energies around 60 M
Adding the three-nucleon force fills up those minima a
reduces the discrepancies significantly. Three-nucleon fo
have been considered in Refs.@7,8# to resolve the discrep
ancy between experimental and theoretical calculations
the nucleon analyzing power in low-energy nucleo
deuteron scattering. A noticeable improvement in the
scription of the polarization observables has been obtaine
Ref. @8#. On the other hand, in the Faddeev calculations
the 2H(p,pp)n reaction at 14.1 MeV@9# and in the study of
p-d breakup at 25 MeV@10#, the evidence for three-bod
forces is not entirely clear. In Ref.@11# the inclusion of the
Urbana three-nucleon interaction does not significan
modify the calculated analyzing powers in deuteron-pro
scattering at low energies. Also, Friar in Ref.@12# concluded
that the three-nucleon forces nevertheless play an impo
role in nuclear physics. At higher energies, authors in R
@13,14# from the analysis of spin observables inp-d scatter-
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ing at 800 MeV, show that the inclusion of the three-bo
force improved the agreement with the data markedly. Al
the three-body forces of the contact interaction’s type
required by the high-energy asymptotics of the amplitud
involved Ref.@14#. Primakoff@15# investigated the dynamic
of the three-nucleon system in exclusive meson produc
in p-d scattering between 1.5 and 3 GeV. Three-body for
dominate the dynamics of the three-nucleon system at v
large momentum transfer (>1 GeV/c). In Ref. @16# the au-
thors concluded that the effect of the three-body force
tween nucleons in3He nucleus onp-3He elastic scattering
differential cross section and total cross section at interm
diate and high energies is very small and, in general, can
neglected. Its effect is significant only in two small region
about the first and second minima of the differential cro
section.

Thus, different conclusions about the three-body forc
role are obtained at different energies by using different
proaches. Therefore, more study about the three-body f
effect is needed. Also, a general formulation of the thr
body force effect in the Glauber theory is absent. Therefo
in this paper, we will be concerned with the three-body for
effect, using a simple suggested approach, in the framew
of Glauber high-energy approximation. We will apply th
approach to the more simple three-body case of had
deuteron scattering, where the elastic scattering differen
cross section is calculated. In this case, the spin-isospin
fects are important at lower energy@17–20#. Also, the ratio
of the real part to the imaginary part of hadron-nucleon a
plitude in the forward direction, which plays an importa
role in the minimum region, can be considered as an exp
mental parameter and at a definite energy must take an
perimental value. Therefore, for more accurate calculati
and to obtain a realistic estimation of the three-body fo
role, we will also consider, only, two well-known effect
which are important in the study of hadron-deuteron ela
scattering at high energy. The first is theD-state effect@21–
24# and the second is the effect of phase variation of hadr
nucleon elastic scattering amplitude@25,26#. These two ef-
fects play an important role in the minimum region
hadron-deuteron elastic scattering differential cross secti
©2001 The American Physical Society06-1
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II. MANY-BODY FORCE EFFECTS IN GLAUBER
APPROXIMATION—GENERAL FORMALISM

The potential energy of hadron-nucleus system, tak
into account the many-body forces, can be written, in g
eral, in the form@27#

V~r ,r1 ,r2 ,...,rA!5Vt1Vth1Vfo1¯ , ~1!

wherer is the position vector of the incident particle,r i , i
51, . . . ,A are the position vectors of the nucleons in t
target nucleus,Vt is the two-body force component,Vth is
the three-body force component,Vfo is the four-body force
component, and so on. We believe that this is an appr
mate formula, where the corrections due to many-bo
forces are considered as additional terms. Also, the two-b
force component Vt is written—in high-energy
approximation—as

Vt5(
i 51

A

Vi~r ,r i !, ~2!

where Vi(r ,r i) is the potential energy of the inciden
particle-i th nucleon target. Here, we note that the over
effect between the different scattering centers is negle
@28#. In the same way, we can write the three-body fo
component as follows:

Vth5(
i , j

iÞ j

Vi j ~r ,r i ;r j !, ~3!

where Vi j (r ,r i ;r j ) is the three-body force correction t
Vi(r ,r i) due to the existence ofj th nucleon as a spectato
Also,

Vfo5 (
i , j ,k

iÞ j Þk

Vi jk~r ,r i ;r j ;r k!, ~4!

whereVi jk(r ,r i ;r j ;r k) is the four-body force correction to
Vi which is due to the existence of two spectatorsj th andkth
nucleons, and so on. Therefore, the general form of the
tential energyV can be written as

V~r ,r1 ,r2 ,...,rA!5(
i 51

A H Vi~r ,r i !1(
j

j Þ i

Vi j ~r ,r i ;r j !

1 (
j ,k

iÞ j Þk

Vi jk~r ,r i ;r j ;r k!1¯J . ~5!

This additive form of the potential leads to the additi
form of the total phase shift for the hadron-nucleus scat
ing, which, in high-energy approximation, is defined as

x~b,s1,...,sA!52
1

\v E2`

1`

V~r ,r1 ,r2 ,...,rA!dz, ~6!

wherev is the relative velocity of the incident particle wit
respect to the target,si is the projection ofr i on the impact
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plane, andr5b1zk̂ wherek̂ is the unit vector in the direc-
tion of the z axis, which is, usually, taken in the inciden
direction of the projectile andb is the impact vector which is
perpendicular to the incident direction. Using Eq.~5! we
have

x~b,s1 ,...,sA!

5(
i 51

H 2
1

\v E2`

`

Vi~r ,r i !dz

1(
j

j Þ i

S 2
1

\v E2`

`

Vi j ~r ,r i ;r j !dzD
1 (

j ,k
iÞ j Þk

S 2
1

\v E2`

`

Vi jk~r ,r i ;r j ;r k!dzD 1¯J ,

~7!

which can be written as

x~b,s1 ,...,sA!5(
i 51 H x i~b,si !1(

j
j Þ i

x i j ~b,si ;sj !

1 (
j ,k

iÞ j Þk

x i jk~b,si ;sj ;sk!1¯J , ~8!

where x i(b,si) is the two-body phase shift of the inciden
particle-i th target nucleon scattering,x i j (b,si ;sj ) is the
three-body force correction tox i which is due to the exis-
tence of thej th nucleon as a spectator,x i jk(b,si ;sj ;sk) is the
four-body force correction tox i due to existence ofj th and
kth nucleons as spectators, and so on. Of course, the
hadron-nucleus phase shift in the above equation can be
ten in the form

x~b,s1 ,...,sA!5x t~b,s1 ,...,sA!1x th~b,s1 ,...,sA!

1x fo~b,s1 ,...,sA!1¯ , ~9!

wherex t is the total two-body phase shift,x th is the total
three-body force correction,x fo is the total four-body force
correction, and so on.

The total hadron-nucleus profile function in the Glaub
formalism is given by@28#

G~b,s1 ,...,sA!512exp$ ix~b,s1,...,sA!%. ~10!

Using Eq.~9!, we can write this profile function in the form

G~b,s1 ,...,sA!512exp$ i ~x t1x th1x fo1¯ !%, ~11!

where the effects of many-body forces are contained. A
the two body profile function is defined as

G t~b,s1 ,...,sA!512exp$ ix t~b,s1 ,...,sA!%. ~12!

In the same way, we will define the three-body force profi
function, four-body force profile function, and other man
body force profile functions as
6-2
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G th~b,s1 ,...,sA!512exp$ ix th~b,s1 ,...,sA!%, ~13!

G fo~b,s1 ,...,sA!512exp$ ix fo~b,s1 ,...,sA!%, ~14!

and so on. These profile functions are related, from th
definition, to two-body interaction, three-body force comp
nent of interaction, and so on. Thus, from Eqs.~11!–~14!, we
have

G512~12G t!~12G th!~12G fo!¯

5G t1G th1G fo1¯2~G tG th1G tG fo1¯1G thG fo1¯ !

1~G tG thG fo1¯ !2¯ . ~15!

But, from Eq.~8!,

x t~b,s1 ,...,sA!5(
i

x i~b,si !,

then

G t~b,s1 ,...,sA!512expH i(
i

x i~b,si !J
512)

i 51

A

@12G i~b,si !#

5(
i 51

A

G i~b,si !2(
i . j

G i~b,si !G j~b,sj !

1¯1~21!~A11!G1~b,s1!¯GA~b,sA!,

~16!

whereG i(b,si) is the incident particle-i th target nucleon pro-
file function. The first term represents the single scatter
processes, the second term represents the double scat
processes, and so on. Also

G th~b,s1 ,...,sA!512expH i(
iÞ j

x i j ~b,si ;sj !J
512)

iÞ j
@12G i j ~b,si ;sj !#

5(
iÞ j

G i j ~b,si ;sj !

2 (
i , j

i 8. j 8

G i j ~b,si ;sj !G i 8 j 8~b,si 8 ;sj 8!1¯ ,

~17!

where
04460
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G i j ~b,si ;sj !512exp$ ix i j ~b,si ;sj !%.

The same thing can be obtained forG fo and higher order
correction terms.

Since the profile functionG i j is not related to some kind
of single scattering asG i and the productG i j G i 8 j 8 is not
related to some kind of double scattering processes an
on, the terms of the last equation~17! cannot take the sam
physical meaning of terms in Eq.~16!. The profile function
G i j is related to a correction to the hadron-i th target nucleon
potential due to the existence ofj th nucleon in the nucleus a
a spectator through the scattering of the incident hadron
the i th nucleon. This corrected potential represents
hadron-nucleon interaction through the single scattering
double scattering and so on. Therefore, we can consider
first term in Eq.~17! as the first order three-body force co
rection, the second term as the second order three-body f
correction, and so on. SinceG i j is, in general, small, the
productG i j G i 8 j 8 is of the second order and smaller than
The same situation forG fo and other profile functions o
many-body force corrections.

Since we shall be concerned with the three-body fo
only, and the different phase shifts must satisfy the relat

ux i u@ux i j u@ux i jk u@¯ , ~18!

we shall neglect the terms ofG fo and higher orders. The tota
profile function can be written, from Eq.~15!, as

G5G t1G th2G tG th . ~19!

Thus, from Eqs.~16! and ~17! we have

TABLE I. Form factors parameters for Lacombeet al. @31# and
Bresselet al. @33# deuteron wave functions.

Wave
function i Ai

ci

(GeV/c)22
Bi

(GeV/c)22
di

(GeV/c)22

Lacombe
et al. @31#

1 20.15469 4.7128 6.58579 50.13
2 0.49497 20.9128 2.46887 15.58
3 0.65972 109.59 0.76161 7.575

Bressel
et al. @33#

1 20.13863 4.3 6.138 71.3
2 0.47869 22.0 3.555 20.99
3 0.65994 105.56 0.911 7.99
6-3
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G~b,s1 ,...,sA!5(
i 51

A

G i~b,si !2(
i . j

A

G i~b,si !G j~b,sj !1¯1~21!~A11!G1~b,s1!¯GA~b,sA!

1H (
iÞ j

G i j ~b,si ;sj !2 (
i , j

i 8. j 8

G i j ~b,si ;sj !G i 8 j 8~b,si 8 ;sj 8!1¯J 2H (
i 51

A

G i~b,si !2(
i . j

A

G i~b,si !G j~b,sj !1¯

1~21!~A11!G1~b,s1!¯GA~b,sA!J H (
iÞ j

G i j ~b,si ;sj !2 (
i , j

i 8. j 8

G i j ~b,si ;sj !G i 8 j 8~b,si 8 ;sj 8!1¯J . ~20!
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The single scattering terms in this equation are

Gs~b,s1 ,...,sA!

5H (
i 51

A

G i~b,si !J H 12F(iÞ j
G i j ~b,si ;sj !

2 (
i , j

i 8. j 8

G i j ~b,si ;sj !G i 8 j 8~b,si 8 ;sj 8!1¯G J ,

~21!

i.e.,

Gs~b,s1 ,...,sA!5G t
s~b,s1 ,...,sA!$12G th~b,s1 ,...,sA!%,

~22!

whereG t
s(b,s1 ,...,sA)5( i 51

A G i(b,si). The double-scattering
terms are

Gd~b,s1 ,...,sA!

5H 2(
i . j

G i~b,si !G j~b,sj !J
3H 12F(iÞ j

G i j ~b,si ;sj !

2 (
i , j

i 8. j 8

G i j ~b,si ;sj !G i 8 j 8~b,si 8 ;sj 8!1¯G J ,

~23!

i.e.,

Gd~b,s1 ,...,sA!5G t
d~b,s1 ,...,sA!$12G th~b,s1 ,...,sA!%,

~24!

whereG t
d(b,s1 ,...,sA)52( i . jG i(b,si)G j (b,sj ). In general,

the multiple-scattering term is

Gm~b,s1 ,...,sA!5G t
m~b,s1 ,...,sA!$12G th~b,s1 ,...sA!%,

~25!

whereG t
m(b,s1 ,...,sA) is multiple-scattering term ofm order

without three-body force correction.
04460
The second term of Eq.~19! G th can be considered as
general correction term. But,G th512exp(ixth) and with
very small values ofx th we get exp(ixth);1. Then,G th'0
and can be neglected. Therefore, we can say that the fa
(12G th) is the three-body force factor in the profile fun
tion. Thus, we can write, as an approximation, the total p
file function in the form

G5G t~12G th!. ~26!

III. HADRON-DEUTERON SCATTERING

We will be concerned, in this work, with the simple ca
of hadron-deuteron scattering. The hadron-deuteron t
profile function is given, from Eq.~19!, by

G~b,s1 ,s2!5G t~b,s1 ,s2!1G th~b,s1 ,s2!$12G t~b,s1 ,s2!%,
~27!

where 1 and 2 denote the proton and neutron in the deute
respectively, and

G t~b,s1 ,s2!5G1~b,s1!1G2~b,s2!2G1~b,s1!G2~b,s2!,

G th~b,s1 ,s2!5G12~b,s1 ;s2!1G21~b,s2 ;s1!

2G12~b,s1 ;s2!G21~b,s2 ;s1!.

Through the hadron-i th target nucleon scattering proces
it can be imagined that the incident hadron interacts with
target nucleon as well as another nucleon in the tar
nucleus interacts with the samei th nucleon, i.e., we have
two-pion exchange processes. This situation seems to be
body interaction, but the exchange of two field particles,
the same time, leads—by the uncertainty relation of ene
and time—to some effects on the hadron-i th target nucleon
interaction, which can be considered as some kind of thr
body force effect. This effect reduces the radius of hadr
i th nucleon interaction. Therefore, we try to use the pro
function G i j in the form

G i j ~b,si ;sj !5~Ai j 1 iBi j !expH 2
1

g
~ ub2si u21usj2si u2!J ,

~28!

where Ai j , Bi j , and g are constants. The parameterg is
related to three-body force radius such thatg
6-4
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FIG. 1. Deuteron form factorsS0(q) and
S2(q). Dashed and solid curves correspond to t
results of Eqs.~43! and ~44!, respectively, with
the deuteron wave functions of Lacombeet al.
@31#. Dot-dashed and dot-dot-dashed curves c
respond to the results of Eqs.~45! and ~46!, re-
spectively, with the first group of the paramete
of Table I which are determined using solid an
dashed curves as standard curves.
l
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r-
;(radius of the three-body force)2. This phenomenologica
form is not obtained using a certain type of three-nucle
interaction, it is only a trial function. This profile function i
dependent, simultaneously, on the coordinates of the t
particles,b, si , andsj . At the same time, it is tends to zer
if the distance between the target nucleoni and any one of
both other two particles increases to the limit of three-bo
force radius.

The particle-particle scattering amplitudef i(q) for the
two-body force component is related toG i(bi) by the relation

f i~q!5
ik

2p E eiq•bG i~bi !dbi , ~29!

wherek is the momentum of incident particle, andq is the
two-dimensional momentum transfer vector. We will sugg
the momentum representation of the functionG i j (b,si ;sj )
@[G i j (bi ,si j ), wherebi5b-si andsi j 5si2sj # in the form
04460
n

ee

y

t

Fi j ~q,q8!5
ik

2p E eiq•bi1 iq8•si j G i j ~b,si ;sj !dbidsi j .

~30!

From Eqs.~28! and ~30! we get

Fi j ~q,q8!5
ikpg2

2
~Ai j 1 iBi j !e

2~g/4!~q21q82!. ~31!

For the two-body profile functionG i , we shall use the
form

G i~b,si !5
~12a i !s i

4p~b i
21 id!

expH 2
bi

2

2~b i
21 id!J . ~32!

This form is obtained, by the Fourier transformation, fro
the usual form with the phase variation effect as sugges
by Franco@25#, of two-body hadron-nucleon elastic scatte
ing amplitude
TABLE II. Hadron-nucleon parameters.

k,
GeV/c

sp ,
mb

sn ,
mb ap an

bp
2

(GeV/c)22
bn

2

(GeV/c)22 Ref.

p 1.75 47.5 40.4 20.35 20.800 5.8807 4.9819 @36#

12.8 39.61 39 20.27 20.383 8.16 8.16 @36#

p̄ 2 89 94 0.128 0.128 13.84 13.84 @37#

p2 9 26.9 25.3 20.12 20.23 8.5 8.5 @23#
6-5
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FIG. 2. p-, p̄-, and p2-d elastic scattering
differential cross sections. The solid and dash
curves correspond to the results with and witho
~three-body force1phase variation1D state! ef-
fects, respectively. The first group of the form
factor parameters of Table I is used. The thre
body force parameters and phase variation
rameter are given in Tables III. The experiment
data are taken from Refs.@38–40# and @23# for
p-d scattering at 1.75 and 12.8 GeV/c, respec-
tively, and from Refs.@41# and @23# for p̄- and
p2-d scattering, respectively.
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f i~q!5
ks i~ i 1a i !

4p
exp$2~b i

21 id!q2/2%, ~33!

wheres i is the hadron-nucleon total cross section,a i is the
ratio of real part to imaginary part of the forward scatterin
amplitude,b i

2 is the slope parameter, andd is the phase
variation parameter. This nucleon-nucleon amplitude can
considered, approximately, as an experimental form wh
all its parameters—exceptd—are determined from hadron-
nucleon experiment.

The hadron-deuteron elastic scattering amplitude,
Glauber high-energy approximation, is given by@29#

F~q!5
ik

2p E eiq•b^ i uG~b,s1 ,s2!dS r11r2

2 D u i &db, ~34!

whereui& is the deuteron ground state wave vector. Using t
coordinates

R5
r11r2

2
, r5r12r2 ~35!

we have
04460
e
re
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e

F~q!5
ik

2p E eiq•b^ i uG~b,s!d~R!u i &db, ~36!

wheres is the projection ofr on the impact plane. We mus
note that the total profile functionG(b,s) is dependent only
on b ands in terms of which the coordinates of the inciden
target, and spectator particles are given in the deuteron c

Thus, using the corrected profile functionG t1G th
2G tG th , we can obtain the following form for hadron
deuteron elastic scattering amplitude where the three-b
forces are taken into account:

F~q!5T1~q!1T2~q!1T3~q!, ~37a!

where

TABLE III. The values ofA, B, d, andx2 for different collisions
at used energies.

K, GeV/c A B d x2

p-d 1.75 1.35 1.65 1.5 1.06
12.8 1.4 0.4 10 0.69

p22d 9 1.1 0.25 10 0.47
p̄2d 2 1.6 21.5 12 0.64
6-6
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T1~q!5 f 1~q!SS q

2D1
1

~2p!2 E S~q1!F12S q,
q

2
2q1Ddq11

i

~2p!3k E S~q1! f 1~q2!FF12S q2q2 ,
q

2
2q1D

1F21S q2q2 ,
q

2
1q12q2D Gdq1dq22

1

~2p!6k2 E S~q1! f 1~q3!F12S q

2
1q11q22q32q4 ,q2D

3F21S q

2
2q12q21q4 ,q4Ddq1dq2dq3dq4 , ~37b!

T2~q!5 f 2~q!SS 2
q

2D1
1

~2p!2 E S~q1!F21S q,
q

2
1q1Ddq11

i

~2p!3k E S~q1!F f 2S q

2
2q12q2DF12S q

2
1q11q2 ,q2D

1F21S q2q2 ,
q

2
1q1D f 2~q2!Gdq1dq22

1

~2p!6k2 E S~q1! f 2S q

2
2q12q22q31q4DF21~q3 ,q2!

3F12S q

2
1q11q22q4 ,q4Ddq1dq2dq3dq4 , ~37c!

FIG. 3. Same as Fig. 2 except that soli
dashed, dot-dashed, and dot-dot-dashed cur
correspond to the results with three-body forc
phase variation,D-state effects, and without an
effects, respectively.
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T3~q!5
i

2pk E f 1S q

2
1q1D f 2S q

2
2q1DS~q1!dq11

i

~2p!5k E S~q1!F12S q

2
1q11q22q3 ,q2D

3F21S q

2
2q12q21q3 ,q3Ddq1dq2dq32

1

~2p!4k2 E S~q1!F12S q

2
1q11q22q3 ,q2D f 1~q3!

3 f 2S q

2
2q12q2Ddq1dq2dq32

1

~2p!4k2 E S~q1! f 1~q3! f 2~q2!

3F21S q2q22q3 ,
q

2
1q12q3Ddq1dq2dq32

i

~2p!7k3 E S~q1! f 1~q3!

3 f 2S q

2
2q12q22q51q4DF12S q

2
1q11q22q32q4 ,q2DF21~q5 ,q4!dq1dq2dq3dq4dq5 . ~37d!

FIG. 4. The contributions of
two-body force term~dot-dashed
curve!, three-body force term
~dashed curve!, and interference
term ~solid curve!, in p-, p̄-, and
p2-d elastic scattering differen-
tial cross section.
g

m

h
g

are

e-
stic
The quantityT1(q)1T2(q) represents the single-scatterin
term andT3(q) represents the double-scattering term. W
must note that the first order correction terms which are co
ing from G12 and G21 are considered inT1(q) and T2(q),
respectively. Also, the second order correction term whic
coming fromG12G21 is considered in the double-scatterin
04460
e
-

is

term. The first term of each ofT1(q), T2(q), and T3(q)
represent the usual Glauber terms and the other terms
related to three-body force correction.

Taking the deuteronD state into account, where the thre
body force is also considered, the hadron-deuteron ela
scattering differential cross section—as in Ref.@24#—can be
6-8
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FIG. 5. Same as Fig. 4 except that dashe
dot-dashed, and solid curves correspond to
results ofFt , Ft1F th , andF(t), respectively.
l

are

l

ec-
of
written as

ds

dV
5uF0~q!u21uF2~q!u2 ~38!

with

uF0~q!u25uT01~q!1T02~q!1T03~q!u2 ~39!

and

uF2~q!u25
3

4
uT21~q!1T22~q!u21

1

4
uT21~q!1T22~q!

1T23~q!u2, ~40!

whereT01(q),T02(q),T03(q), andT21(q),T22(q),T23(q) are
defined asT1(q),T2(q),T3(q), respectively, with

S~6q!→S0~q! ~41!

for the first threeT ’s and with

S~6q!→S2~q! ~42!

for the second threeT ’s. uF0(q)u2 represents the differentia
cross section in the absence of theD state,uF2(q)u2 is the
04460
D-state correction,S0(q) and S2(q) are the spherical and
quadruple form factors of deuteron. These form factors
given by

S0~q!5E
0

`

@u2~r !1w2~r !# j 0~qr !dr, ~43!

and

S2~q!5E
0

`

2w~r !S u~r !2
1

2&
w~r !D j 2~qr !dr, ~44!

whereu(r ) andw(r ) areS andD states, respectively, radia
wave functions of deuteron andj 0(qr) and j 2(qr) are the
Bessel kind functions of zero and second orders, resp
tively. These form factors can be represented as the sum
three Gauss forms as follows@30#:

S0~q!5(
i 51

3

Aie
2ciq

2
, ~45!

S2~q!5q2(
i 51

3

Bie
2diq

2
, ~46!
6-9
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FIG. 6. Same as Fig. 2 except that solid a
dashed curves correspond to the results w
D-state effect for Lacombeet al. wave function
@31# and Bresselet al. wave function@33#, re-
spectively. Dot-dashed curve represents the re
without any effects.
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whereAi , ci , Bi , anddi are fitting parameters, their value
are calculated—by usingx2 method—for the deuteron wav
functionsu(r ) andw(r ) as given by Lacombeet al. in Ref.
@31# where the Paris potential was used in calculatio
These functions take the forms

u~r !5(
j 51

n

Cje
2mjr , ~47!

w~r !5(
j 51

n

D j S 11
3

mjr
1

3

mj
2r 2De2mjr , ~48!

where the values of the parameterCj , D j , and mj can be
found in Ref.@31#. The values of form factor parametersAi ,
ci , Bi , and di are presented in Table I, where the corr
sponding results ofS0(q) andS2(q) on the basis of Eqs.~45!
and~46!, respectively, are given in Fig. 1. Also presented
the same figure are the results of Eqs.~43! and~44! for S0(q)
and S2(q), respectively, using Lacombeet al. wave func-
tions@31#. Thex2 value of the fitting between the two curve
of S0(q)—dot-dashed and dashed curves—is 6431025 and
for S2(q)—dot-dot-dashed and solid curves—is 3431025,
where the number of points of the data is 38.x2 is defined as
04460
.

-

x25(
i

@ f ~xi !2 f i #
2, ~49!

wheref (xi) is the value of the fitting function at the pointxi
and f i is the value of the data at the same point.

IV. RESULTS AND DISCUSSION

Using Eqs.~37!–~40!, with hadron-nucleon amplitude in
the form~33!, three-body force amplitude~31!, and deuteron
form factors ~45! and ~46!, we can calculate the hadron
deuteron elastic scattering differential cross section for
combination of the considered effects. In fact, the gene
analytical formulas for theT0i andT2i , i 51,2,3, where the
D-state, phase variation, and three-body force effects
taken into account, are easily obtained. In the following c
culations the form factor parameters for Lacombeet al.wave
functions in Table I are used and the used hadron-nucl
parameters are given in Table II. The calculations for thr
body force case are given with assumptionsA125A215A,
B125B215B. The order of the parameterg, is determined
from the fact that, in the two-pion exchange interactio
where the three-body force takes place, the radius of inte
6-10
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FIG. 7. Deuteron form factorsS0(q) and
S2(q). Dashed and solid curves correspond to t
results of Eqs.~43! and ~44!, respectively, with
the deuteron wave functions of Bresselet al.
@33#. Dot-dashed and dot-dot-dashed curves c
respond to the results of Eqs.~45! and ~46!, re-
spectively, with the second group of the param
eters of Table I which are determined using so
and dashed curves as standard curves.
rom
tion is reduced tor 0/2, wherer 0 is the radius of nuclear force
in the two-body ~or one-pion exchange! interaction @32#.
Therefore,g is of orderr 0

2/4. If we taker 051.4 fm, we get
g'0.5 fm2'13~GeV/c)22. The parametersA and B are
04460
considered as free parameters, which are determined f
the fitting with the experimental data using thex2 method.

The results of thep-, p̄-, andp2-d elastic scattering dif-
ferential cross sections at different energies withD-state,
of

-
re-
FIG. 8. Deuteron form factorsS0(q) and
S2(q). Dashed curves correspond to the results
Eqs. ~43! and ~44!, respectively, for Lacombe
et al. @31# wave functions and solid curves corre
spond to the results of the same equations,
spectively, for Bresselet al. @33# wave functions.
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FIG. 9. Same as Fig. 2 except that dashe
dot-dot-dashed, and solid curves correspond
the results with~D state1phase variation!, ~D
state1three-body force!, and ~three-body force
1phase variation! effects, respectively. The dot
dashed curve corresponds to the result witho
any effects.
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three-body force, and phase variation effects are present
Fig. 2. The values of three-body force parametersA andB,
phase variation parameterd, and the minimum values ofx2

for the obtained results are given in Table III. A good fit wi
the experimental data is obtained.

To see the weight of each effect alone, the results of
culations for three-body force, phase variation andD-state
effects for different cases are given in Fig. 3. In general,
two-pion exchange three-body force is small and effective
the rangeq2>0.2~GeV/c)2 of momentum transfer squared
This range is corresponding to the distance ranger
,0.6 fm. This is in contrast to what is obtained by Primak
@15#, where the three-body forces dominate the dynamics
the three-nucleon system at very large momentum tran
where q2>1 ~GeV/c)2. But, our results are in agreeme
with the radius of two-pion exchange three-body force~;0.7
fm!, where the radius of the force is not very short as in
case of heavy particle-exchange ash, r, andv particles. The
results of Ref.@15# may be in agreement with the radius
the three-body force of two-particle exchange of these he
particles, where their radii are 0.175, 0.125, and 0.124
respectively.

The total profile function of hadron-deuteron scatteri
taking into account the three-body force effect is@Eq. ~19!#
04460
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G5G t1G th2G tG th .

Therefore, the hadron-deuteron elastic scattering amplit
can be written as

F~q!5Ft~q!1F th~q!1 interference term.

The contributions of each term of this amplitude in the el
tic scattering differential cross section are presented in F
4. Also, presented in Fig. 5 is the cross section forFt(q),
Ft(q)1F th(q), andF(q). We can see that the contribution
of three-body force component are, in general, small. T
pure three-body force term is, in general, smaller than
interference term. The three-body force effect decreases
increasing energy. The relative roles of pure and interfere
terms are different at different energies. The different sig
of the pure and interference terms in the scattering amplit
F(t) reduce the final three-body force effect on the elas
scattering differential cross section.

However, the phase variation effect as suggested
Franco@25#, in general, is not enough to obtain a good
with the experimental data, Fig. 3. Also, in the case of
D-state effect, the same figure, the free parameters do
exist and the obtained results are corresponding to the
teron wave functions as given in Ref.@31#. The results, in
6-12
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general, do not describe well the experimental data
hadron-deuteron elastic scattering differential cross sect
even at the minimum region, except in the case ofp̄-d elastic
scattering where a good fit is obtained. Therefore, we beli
that the three-body force effect is small, but it is important
obtain a good fit with the experimental data.

A similar result, Fig. 6, for the differential cross section
different particles at different energies withD-state effect
only, can be obtained using the deuteron wave functi
which are given by Bresselet al. in Ref. @33#, where
nucleon-nucleon potential with square finite core of rad
equal to 0.7 fm was used. The used parameters of the f
factors of Eqs.~45! and ~46! in the case of Bresselet al.
wave functions@33# are given in Table I, wherex2 values of
the fitting with the form factors of Eqs.~43! and ~44! are
3731024 for S0 and 4931025 for S2 , see Fig. 7. The num
ber of points of Ref.@33# data is 38. Also, the form factors o
Eqs. ~43! and ~44! for Bresselet al. @33# and for Lacombe
et al. @31# wave functions are given in Fig. 8, where a si
nificant difference between the two cases does not exist.
interpretation shows the similarity of the results of both fun
tions.

The wave function of Lacombeet al. @31# reproduces
quite well the low-energy properties as the contribution p
cent and satisfies rigorous bounds imposed by the exp
mental deuteron data for internucleon distancesr>0.6 fm.
Also, the Bresselet al. wave function@33# was calculated
using a nucleon-nucleon potential with square finite core
ys
rg
-
L.

a,

P.
H

.
,

y

ys
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radius 0.7 fm. At the same time, the radius of the two pio
exchange three-body force is 0.7 fm. Thus, theD-state and
the three-body force have two different regions of acti
from which most contributions are coming. For theD state
this region r>0.7 fm and for the three-body forcer
<0.7 fm. For the other well known deuteron wave functio
the same region of action of theD state can be considered
see, for example, Refs.@34,35#. Therefore, taking into ac-
count the short distance character of high-energy scatte
processes, we can interpret the obtained results for botD
state and three-body force effects. The three-body force w
the small radius of order 0.7 fm is more compatible with th
short distance character of high-energy scattering, w
most contributions of theD state are coming from the regio
of relatively larger (r>0.7 fm).

Now, we try to combine two of the considered effec
together. The results, with the wave function of Ref.@31#, for
different combinations for different particles are given
Fig. 9. The three-body force with theD-state effect gives a
better agreement with the experimental data forp-d scatter-
ing at 1.75 GeV/c and forp̄-d at 2 GeV/c. In general, one or
two effects only from the three used effects are not enoug
obtain a good fit with the data. Thus, withD-state effect as a
principal correction, the three-body force effect plays a r
in the scattering process. The reality of the three-body fo
effect with small contribution can be accepted to obtain
good fit with the experimental data.
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