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Approach for the three-body force effect in a high-energy approximation:
Application to hadron-deuteron elastic scattering
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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 accoui-state and phase variation effeqgps, p-, and 7 -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, witbiktte 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 ing at 800 MeV, show that the inclusion of the three-body
force improved the agreement with the data markedly. Also,
In principle, scattering processes should provide more inthe three-body forces of the contact interaction’s type are
formation than bound states in the search for evidence afequired by the high-energy asymptotics of the amplitudes
three-body force effedtl]. Many authors are concerned with involved Ref[14]. Primakoff[15] investigated the dynamics
this subject at different energies. At low energy, in H&f.  of the three-nucleon system in exclusive meson production
the small discrepancy between the neutron-neutron scattering p-d scattering between 1.5 and 3 GeV. Three-body forces
lengths for thed(7~,y)2n andd(n,2n)p reactions is inter- dominate the dynamics of the three-nucleon system at very
preted as a result of three-nucleon force effect in the finalarge momentum transfee(1 GeV/c). In Ref.[16] the au-
state of the latter reaction. The improved results for nucleonthors concluded that the effect of the three-body force be-
deuteron scattering lengths have been obtained by €3en tween nucleons irfHe nucleus orp-He elastic scattering
and Osman4] including the three-body force. Osman in differential cross section and total cross section at interme-
Ref. [4] concluded that the three-body forces which arisediate and high energies is very small and, in general, can be
from the different meson exchanges are very important, andeglected. Its effect is significant only in two small regions,
their inclusion improved all calculations on the three-bodyabout the first and second minima of the differential cross
system. A new approach to include a three-nucleon forcaection.
into three-nucleon continuum calculations was presented in Thus, different conclusions about the three-body forces
Ref.[5] with the results for elastic nucleon-deuteron scatter+ole are obtained at different energies by using different ap-
ing as well as for the break up process. Neutron-deuteroproaches. Therefore, more study about the three-body force
elastic scattering cross sections were calculated in[Beat  effect is needed. Also, a general formulation of the three-
different low energies using modern nucleon-nucleon interbody force effect in the Glauber theory is absent. Therefore,
actions and the Tucson-Melbourne three-nucleon force. Prén this paper, we will be concerned with the three-body force
dictions based o\NN forces only underestimate nucleon- effect, using a simple suggested approach, in the framework
deuteron data in the minima at energies around 60 MeVof Glauber high-energy approximation. We will apply this
Adding the three-nucleon force fills up those minima andapproach to the more simple three-body case of hadron-
reduces the discrepancies significantly. Three-nucleon forcefeuteron scattering, where the elastic scattering differential
have been considered in Refg,8] to resolve the discrep- cross section is calculated. In this case, the spin-isospin ef-
ancy between experimental and theoretical calculations diects are important at lower enerfi¥7—20. Also, the ratio
the nucleon analyzing power in low-energy nucleon-of the real part to the imaginary part of hadron-nucleon am-
deuteron scattering. A noticeable improvement in the deplitude in the forward direction, which plays an important
scription of the polarization observables has been obtained irole in the minimum region, can be considered as an experi-
Ref. [8]. On the other hand, in the Faddeev calculations ofnental parameter and at a definite energy must take an ex-
the 2H(p,pp)n reaction at 14.1 Me\9] and in the study of perimental value. Therefore, for more accurate calculations
p-d breakup at 25 Me\[10], the evidence for three-body and to obtain a realistic estimation of the three-body force
forces is not entirely clear. In Reff11] the inclusion of the role, we will also consider, only, two well-known effects
Urbana three-nucleon interaction does not significantlywhich are important in the study of hadron-deuteron elastic
modify the calculated analyzing powers in deuteron-protorscattering at high energy. The first is thestate effecf21—
scattering at low energies. Also, Friar in REf2] concluded 24] and the second is the effect of phase variation of hadron-
that the three-nucleon forces nevertheless play an importamucleon elastic scattering amplitu@25,2¢. These two ef-
role in nuclear physics. At higher energies, authors in Refsfects play an important role in the minimum region of
[13,14] from the analysis of spin observablesprd scatter-  hadron-deuteron elastic scattering differential cross section.
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Il. MANY-BODY FORCE EFFECTS IN GLAUBER

plane, and =b+ zk wherek is the unit vector in the direc-
APPROXIMATION—GENERAL FORMALISM

tion of the z axis, which is, usually, taken in the incident

The potential energy of hadron-nucleus system, takinglirection of the projectile antl is the impact vector which is
into account the many-body forces, can be written, in genPerpendicular to the incident direction. Using E§) we
eral, in the form[27] have

V(I T FA) = Vet Vit Vig oo (1) X(b,Sy,....8)

wherer is the position vector of the incident particle,, i 1 (=

=1,... A are the position vectors of the nucleons in the :izl - %f_wvi(f,fi)dz

target nucleusy; is the two-body force component, is

the three-body force component;, is the four-body force

component, and so on. We believe that this is an approxi- +Z

mate formula, where the corrections due to many-body Pk

forces are considered as additional terms. Also, the two-body

force component V, is written—in  high-energy 1 (=

approximation—as + 12; (—%J’ mvijk(rvri;rj;rk)dz
i#]#k

1 o
i fﬁmvij(rari §rj)d2)

A
Ve= 2 i(nr), 2) (@)
which can be written as

where V(r,r;) is the potential energy of the incident
particleith nucleon target. Here, we note that the overlap X(b:S_Lr---vSA):izl |Xi(b15i)+§j: xij(b,S;8)

effect between the different scattering centers is neglected

[28]. In the same way, we can write the three-body force 17

component as follows: o
+ % xik(b,sisiso+-1, (8
Vin= 2, Vij(r.1i51)), ©) Ik
2 where y;(b,s) is the two-body phase shift of the incident

. _ particleith target nucleon scatteringy;;(b,s;s;) is the
where Vj;(r,ri;rj) is the three-body force correction to three-body force correction tg; which is due to the exis-
Vi(r,r;) due to the existence gth nucleon as a spectator. tence of thgth nucleon as a spectator;x(b,s ;S ;) is the

Also, four-body force correction tg; due to existence qgfth and
kth nucleons as spectators, and so on. Of course, the total
Vo= E Vi (1,5, (4) hadron-nucleus phase shift in the above equation can be writ-
Tk ten in the form
i#]#k
where V;j (r,r;;r;;ry) is the four-body force correction to X(b,s1,....8) = xt(b,S1,....5) + xtn(D,S1, ..., Sa)
V; which is due to the existence of two spectatdhsandkth + X10(D,S1, ... S0) 9)
nucleons, and so on. Therefore, the general form of the po-
tential energyV can be written as where y; is the total two-body phase shify, is the total
three-body force correctiony;, is the total four-body force
A correction, and so on.
V(r,fl,fzy---,fA)Zzl Vi(r,r)+ 20 Vi (rrisr) The total hadron-nucleus profile function in the Glauber
P+ formalism is given by[28]
I'(b,s;,....sa)=1—explix(b,s,....Sa)} 10
i;ﬁjj#k Using Eq.(9), we can write this profile function in the form
This additive form of the potential leads to the additive I'(b,s;,....sa)=1—expli(x;+ X+ X0t -1)}, (1D

form of the total phase shift for the hadron-nucleus scatter- )
ing, which, in high-energy approximation, is defined as ~ Where the effects of many-body forces are contained. Also,

the two body profile function is defined as
+ oo

V(r,ry,ro,...ra)dz,  (6) I'y(b,s;,....sn)=1—exgixi(b,s;,....sa)}- (12

In the same way, we will define the three-body force profile
wherev is the relative velocity of the incident particle with function, four-body force profile function, and other many-
respect to the targes is the projection ofr; on the impact body force profile functions as

1
X(b,Sl.---,SA):—%J
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Fin(b,si,...,s0)=1—exgfixm(b,si,....S0)} (13 [ij(b,s;5)=1—expfixij(b,s;s)}.

It(b,s;,....50) =1—explixi(bh,s,....84)}, (14

and so on. These profile functions are related, from theiThe same thing can be obtained B¢, and higher order
definition, to two-body interaction, three-body force compo-correction terms.

nent of interaction, and so on. Thus, from E(sl)—(14), we Since the profile functiod;; is not related to some kind
have of single scattering a$’; and the product;;I';/;, is not
related to some kind of double scattering processes and so
r=1-1-Ty)A-Ty)(1-Ty) - on, the terms of the last equatioh?) cannot take the same
physical meaning of terms in E¢L6). The profile function
=+ T+ Tt — (D T+ T T o+ + Tyl +0) ['j; is related to a correction to the hadrih-target nucleon
potential due to the existence jgh nucleon in the nucleus as
(T Tt )= (15) ta;}sp_ectator through t_he scattering of the_incident hadron on
e ith nucleon. This corrected potential represents the
But, from Eq.(8), hadron-nucleon interaction through the single scattering or

double scattering and so on. Therefore, we can consider the
first term in Eq.(17) as the first order three-body force cor-
xi(bsi,...5) =2 xi(b,s), rection, the second term as the second order three-body force
' correction, and so on. Sincg;; is, in general, small, the
then productl’;;I';,;. is of the second order and smaller than it.
The same situation fof';, and other profile functions of
_ many-body force corrections.
Ft(b,sl,...,sA)zl—exp{|Ei Xi(b*sﬂ)} Since we shall be concerned with the three-body force
only, and the different phase shifts must satisfy the relation

1-11 [1-Ti(b,s)]

=1

Lxil> x> [ xijel = (18)

4o+ (—=1)ATVT(b,s;) - T a(b,sn),
=1 (b.sy) A(D.Sy) we shall neglect the terms b%, and higher orders. The total

(16)  profile function can be written, from E@15), as

wherel’;(b,s) is the incident particléth target nucleon pro-

file function. The first term represents the single scattering

processes, the second term represents the double scattering F=Ti+ T . (19
processes, and so on. Also

Fth(b,sl,...,sA)zl—exp{iZ xij(b,s ;q)] Thus, from Egs(16) and (17) we have
i#]

=1-[] [1-Tj(b,5:9)]
1#] TABLE |. Form factors parameters for Lacombeal.[31] and
Bresselet al. [33] deuteron wave functions.

=2_ [ij(b,s;s) Wave Ci B; d;

17 function i A (GeVlc)™2 (GeVic) ™2 (GeVic)™2
Lacombe 1 -0.15469 4.7128 6.58579 50.13
— > Tyi(bs;s)Tiji(b,s ;5)+---,  etal[31] 2 049497 209128  2.46887 15.58

i ': 3 065972  109.59 0.76161 7.575
Bressel 1 -0.13863 4.3 6.138 71.3

(17) etal.[33] 2 0.47869 22.0 3.555 20.99

3 0.65994 105.56 0.911 7.99

where
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F(b,sl,...,s,o:El ri<b,s>—i2>]_ I'i(b,s)Tj(b,s)+

i#]

i">j’
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+(=1)AITy(b,s;) - Ta(b,S)

A A
+] > Tyi(b,s;s)— 2] ri,-<b,s;sj>rw<b,sf;sjf>+---]—[;1 ri<b,s)—i2>j Ti(b,5)T;(b,5)+" "

+(—1)(A+1)F1(b,51)'"FA(b,SA)][;j [ij(b,s:s)— ;J Ii(b,s ;)5 (b,s0850) +- - L (20

The single scattering terms in this equation are

I3(b,Sy.....5)
sl

i">j’

2 [ij(b,s:s)
i#]

] .

(21)

i.e.,

Is(b,s,...,5a)=T5(b,S1,....5){1—T(b,S1,....82)},

i’>j’

The second term of Eq19) I'y, can be considered as a
general correction term. Bufl'y,=1—explyxy) and with
very small values ofyy, we get expixy,) ~1. Then,I'y=0
and can be neglected. Therefore, we can say that the factor
(1—-Ty) is the three-body force factor in the profile func-
tion. Thus, we can write, as an approximation, the total pro-
file function in the form

[=T(1-T). (26)

IIl. HADRON-DEUTERON SCATTERING

We will be concerned, in this work, with the simple case
of hadron-deuteron scattering. The hadron-deuteron total
profile function is given, from Eq(19), by

22 T(bs;,8)=T(b,s, %)+ Ti(b,s1,5){1-Ty(b,s 5)},
wherel'§(b,sy,...,Sa) = 2 —,I'i(b,s). The double-scattering (27)

terms are

I'b,s;,...,ss)

-5 riosir o)

x[l_

B E Lij(b,s ;)0 (b, 580) +- -

i<j
i">j’

> Tii(b,s;s)
1#]

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

I'i(b,s;,5)=T1(b,5) +'5(b,5;) —T'1(b,5)I'5(b,s,),

I'in(b,s1,5)=T"14b,s1;5) +T'21(b,s;5)
—I'1b,51:5)'21(b,Sy58).

Through the hadrointh target nucleon scattering process,
it can be imagined that the incident hadron interacts with the
target nucleon as well as another nucleon in the target
nucleus interacts with the saméh nucleon, i.e., we have
two-pion exchange processes. This situation seems to be two

(23 body interaction, but the exchange of two field particles, at

I'b,s,...50)=T%b,s;,....50){1-T(b,Si,....50)},

the same time, leads—by the uncertainty relation of energy
and time—to some effects on the hadidin-target nucleon
interaction, which can be considered as some kind of three-

(24) body force effect. This effect reduces the radius of hadron-

ith nucleon interaction. Therefore, we try to use the profile

whereT{(b,s,,....5) = —2~;Ti(b,s)T;(b,s). In general, functionl’;; in the form

the multiple-scattering term is

'™(b,s1,....50)=T7(b,s;,....50){1—Tn(b,S;,...S2)},

) 1
Iij(b,s ;Sj):(Aij+|Bij)eXP[_;(|b_3|2+|%_3|2)}.

(25) (29

whereT'{'(b,sy,...,Sa) is multiple-scattering term ah order ~ where Ajj, Bjj, and y are constants. The parametgris

without three-body force correction.

related to three-body force radius such thay
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FIG. 1. Deuteron form factorsSy(q) and
S,(q). Dashed and solid curves correspond to the
results of Egs(43) and (44), respectively, with
the deuteron wave functions of Lacombkeal.
[31]. Dot-dashed and dot-dot-dashed curves cor-
respond to the results of Eqgl5) and (46), re-
spectively, with the first group of the parameters
of Table | which are determined using solid and
dashed curves as standard curves.

0.6

s{q)

0.4

1.5
¢ [(Gev/c)?]

~(radius of the three-body forcg) This phenomenological ) [ bl s,

form is not obtained using a certain type of three-nucleon  Fij(d.d )ZEJ e TI9IL (b, s ;) dbyds;; .

interaction, it is only a trial function. This profile function is (30)

dependent, simultaneously, on the coordinates of the three

particles,b, s, ands;. At the same time, it is tends to zero From Egs.(28) and(30) we get

if the distance between the target nuclécend any one of

both other two particles increases to the limit of three-body ik 77y s

force radius. Fij(qvql):T(Aij+iBij)e_(y/4)(q T’ (3
The particle-particle scattering amplitude(q) for the

two-body force component is relatedligp(b;) by the relation . i
For the two-body profile functiod’;, we shall use the

form

ik .
fi(Q):zl_wfe'q'bFi(bi)dbi, (29 I (b.s)= (1—aj)o; bf 32
(B8)= 57110 P 2| %P

wherek is the momentum of incident particle, aadis the  This form is obtained, by the Fourier transformation, from
two-dimensional momentum transfer vector. We will suggesthe usual form with the phase variation effect as suggested
the momentum representation of the functibp(b,s ;s;) by Franco[25], of two-body hadron-nucleon elastic scatter-
[=Tj(b;,s;), wherebj=b-5 andsj=s—s] in the form ing amplitude

TABLE Il. Hadron-nucleon parameters.

K, Op, On, B; ﬁﬁ
GeVic mb mb a, an (GeVic)~? (GeVic)~? Ref.
p 1.75 47.5 404 -0.35 —0.800 5.8807 4.9819 [36]
12.8 39.61 39 -0.27 —0.383 8.16 8.16 [36]
P 2 89 94 0.128 0.128 13.84 13.84 [37]
T 9 26.9 25.3 -0.12 -0.23 8.5 85 [23]
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102 (b)
10¢ (a) p-d at 12.8 GeV/c
p-d at 1.75 GeV/c
5 3
+ >
3 g
o ! g
el
10t .8
FIG. 2. p-, p-, and 7 -d elastic scattering
differential cross sections. The solid and dashed
102 curves correspond to the results with and without
(three-body force-phase variatiottD statg ef-
0 0.20.40.60.8 1 _1.21.41.6 1 1
RERIC IS 0 o.zo.4o.q§o.[?cév}é)zzll.41.e fects, respectively. The first group of the form
factor parameters of Table | is used. The three-
body force parameters and phase variation pa-
103 102 (d) rameter are given in Tables Ill. The experimental
n-d at 9 Gev/c data are taken from Ref§38—4Q and[23] for
102 © p-d scattering at 1.75 and 12.8 Gay//respec-
p-d at 2 Gev/c tively, and from Refs[41] and[23] for p- and
T 10 & 7~ -d scattering, respectively.
T &
H H
s ! o
2 2
10t .
¥ ¥
31072 3
10 -3
104
0 0.20.40.60.8 1 1.21.41.6 0 0,20.40.60.8 1 1.21.41.6
g [(Gev/c)?] q¢ [(Gev/e)?)
kO'i(i+ai) 2 . 2 ik ™y A
fila=—(—exp{—(B+iaq2, (33 F@)=5_ | €4%iIl(b9s(Ri)db,  (36)

. o wheres is the projection of on the impact plane. We must
whereg; is the hadron-nucleon total cross sectiafis the  pote that the total profile functioh(b,s) is dependent only
ratio of real part to imaginary part of the forward scatteringon by ands in terms of which the coordinates of the incident,
amplitude, 87 is the slope parameter, anélis the phase target, and spectator particles are given in the deuteron case.
variation parameter. This nucleon-nucleon amplitude can be Thus, using the corrected profile functiofi,+ Ty,
considered, approximately, as an experimental form Whef&l“tfth, we can obtain the following form for hadron-
all its parameters—exce#—are determined from hadron- deuteron elastic scattering amplitude where the three-body

nuclﬁon ﬁxgerimdent. | itud forces are taken into account:

The hadron-deuteron elastic scattering amplitude, in _

Glauber high-energy approximation, is given [[2g] F(a)=Ta(a)+Ta(aq)+Tz(a), (373
where

ik : +
@)= 5 | N s 509 "5 b, (@9

TABLE IlI. The values ofA, B, 8, andy? for different collisions
at used energies.

whereli) is the deuteron ground state wave vector. Using the

coordinates K, GeVic A B ) x?
et p-d 1.75 1.35 1.65 15 1.06
- 12 2 r=r;-r, (35) 12.8 1.4 0.4 10  0.69
a —d 9 1.1 0.25 10 0.47
p-d 2 1.6 -15 12 0.64
we have
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do/dQ [mb/str}

do/dg? [mb/ (GeV/c)?)

(b)
p-d at 12.8 GeV/c

0 0.20.40.60.8 1 1.21.41.6
q® [(Gev/c)?]

102
102 (a)
p-d at 1.75 Gev/c 10
10 SN
L 1
3
[}
2
~
1 4 101
¥
S 102
107! ©
10 -3
102
104
0 0.20.40.60.8 1_1.21.41.6
: q¢ [ (Gev/e)?)
102 102
102 (c) 10
p-d at 2 Gev/c
10 "Z 1
2]
~
>
1 3
J 107!
2
101 .
g 1072
3
10 -2 )
10 -3
103
104
104

0 0.20.,40.60.8 1_1.21.41.6
@ [(Gev/c)?]

(d)
n -d at 9 Gev/c

0 0.20.40.60.8 1 1.21.41.6
q° [(Gev/c)?]

PHYSICAL REVIEWG3 044606

FIG. 3. Same as Fig. 2 except that solid,
dashed, dot-dashed, and dot-dot-dashed curves
correspond to the results with three-body force,
phase variationD-state effects, and without any
effects, respectively.

q 1 - q i q
Tl(Q):fl(Q)S(2)+ (277)2 f S(ql)Flz(q’Z_ql)dql—i_(Zﬂ-)?’kf S(ql)fl(qz){Flz(q—qz,2_ql)

q 1
+F21(Q_Q2, 2"“11“12”‘1%(-“12_ mf S(g1)f1(asz)F a2

q
X F21( 5> i~ go+ Q4:Q4) dg,;dg,dqsdag,,

1
0= 1@ - W+ ez [ SaFaaga

1

dq+if8( )f(q— — )F
1 (2m)K °f] 2|5 01— 02| F12

q
> +0:+ QZ_Q3_QA,Q2)

(37b

q
2+Q1+Q2,Q2>

q q
+ le( 4= 02. 5 +Q1) fz(Qz)}d%d%_ mf S(Cll)fz(z_ d:—0>—0st+ CI4) F21(03.02)

XFq,

q
STt q2q4,q4) dg,dg,dqsdq,,
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10}

-

do/dQ [mb/str]
—
=

2
(a) 10

i
p d at 1.75 GeV/c \_‘ (b)

do/dg? [mb/ (GeV/c)?)

0 0.20.40.60.8 1 1.21.41.6
q? [Gev/c)?

FIG. 4. The contributions of
two-body force term(dot-dashed
curve, three-body force term

0 0.20.40.60.8 1_1.21.41.6
& [(Gev/c)?}

107

-
o
~

-
o

-

i

=
o
|

-

A
\
i
\
i
i
i
i
i
i
i
i
i
i
i
i
i
i
Ié

do/dq® {mb/(GeV/c)?]

I
o
)

&

p-d at 2 Gev/c

(dashed curve and interference
101 o te[m (solid _curve, in _p-, H—_, and
! rd at 9 Gev/e 7 -d elastic scattering differen-
tial cross section.

(e}

do/dq? [mb/ (GeV/c)?)

0 0.20.40.60.8 1_1.21.41.6 0 0.20.40.60.8 1_1.21.41.6
o ((Gev/c)?]

T3(q)

¢ [(Gev/c)?]

i q q [ q
27ka fq §+Q1 fz(i‘%)s(%)d%"‘mf S(d1)F 12 §+Q1+Q2_Q3yQ2>
q 1 q
X Faq E_Q1_Q2+Q3'Q3 dQ1dQ2dQ3_W S(q1)F12

§+Q1+Q2_Q31QZ) f1(03)

q 1
xXf, E_Q1_QZ)dQ1dQ2dQ3_Wf S(a1)f1(ga)f2(gp)

XFZ]_

q i
g—0>—0s, §+Q1_Q3) dg,dg,dqgs;— mf S(q1)f1(as)

X,

q q
5 G2~ 0st q4) Fig 5+ 01+ U2~ 0s— q4,qz) F21(0s,04)dd,dd,ddsda,das. (379

The quantityT,(q) +T,(q) represents the single-scattering term. The first term of each of4(q), T,(q), and T3(q)

term andT3(q) represents the double-scattering term. Werepresent the usual Glauber terms and the other terms are
must note that the first order correction terms which are comrelated to three-body force correction.

ing from I'y, and I',; are considered im(q) and T,(q),

Taking the deuterod state into account, where the three-

respectively. Also, the second order correction term which idody force is also considered, the hadron-deuteron elastic
coming fromI",I",; is considered in the double-scattering scattering differential cross section—as in Hé#]—can be
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FIG. 5. Same as Fig. 4 except that dashed,
dot-dashed, and solid curves correspond to the

results ofF,, F,+Fy,, andF(t), respectively.

D-state correctionSy(q) and S,(q) are the spherical and
quadruple form factors of deuteron. These form factors are

so<q>=f:[u2<r>+w2<r)]jo<qr>dr, 43

102
2
10 (a) b
p-d at 1.75 Gev/c 10 p-d at 12.8 Gev/c
— 10 k)
1o ~
) 3 1
é e
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102 103
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@ [Gev/c}? q? [(GeV/c)?)
103' 10?2 (d)
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102 (c) 10
p-d at 2 Gev/c
£ o £
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> -4
© (] .
5] 1 ]
Mg 10t
C g
— 107t
| g 102
~ ~
3 107 s
10 -3
10 -3
104
104 :
0 0.20.40.60.8 1 _1.21.41.6 0 0.20.40.60.8 1_1.21.41.6
q® ((Gev/c)?] q* [(GeV/c)?)
written as
do _ = 2L IE 2 given by
with
2__ 2
|Fo(@)]*=|Toa(a) + Tox( Q)+ Toz(a)| (39
and
and

3 1
|F2(Q)|2:Z | Tou(q) + Ton(@) |2+ 1 | T21(a) + ToxQ)

+To3(0)[?, (40

where To1(q), ToXd), Tos(d), and T»1(q), ToxA(d), Tos(q) are
defined asT1(q),T,(q),T3(q), respectively, with

S(=q)—So(q) (41)
for the first threeT’s and with
S(£09)—S,(q) (42

for the second thre&'’s. |F(q)|? represents the differential
cross section in the absence of thestate,|F,(q)|? is the

o 1
Sy(a) fo ZW(r)(U(r) Z‘Qw(r))Jz(qr)dr, (44)
whereu(r) andw(r) areSandD states, respectively, radial
wave functions of deuteron ang(qr) andj,(qr) are the
Bessel kind functions of zero and second orders, respec-
tively. These form factors can be represented as the sum of
three Gauss forms as follow80]:

3
S(@=2 Ajeae, (45)

3
Sa)=e*3 B,e %", (46)
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v .
@ Ligevre T eev/rf] D-state effect for Lacombet al. wave function
[31] and Bressekt al. wave function[33], re-
103 102 (d) spectively. Dot-dashed curve represents the result
n-d at 9 Gev/c without any effects.
102 (c)
p-d at 2 Gev/c
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whereA;, ¢;, B;, andd; are fitting parameters, their values ) )

are calculated—by using® method—for the deuteron wave X2=2 [f(x)— 11, (49

functionsu(r) andw(r) as given by Lacombet al. in Ref. '

[31] where the Paris potential was used in calculations.

These functions take the forms wheref(x;) is the value of the fitting function at the poix
andf; is the value of the data at the same point.

n
u(r)=2 Cje‘mjf, (47)
=1 IV. RESULTS AND DISCUSSION
n 3 3 Using Eqgs.(37)—(40), with hadron-nucleon amplitude in
w(r)=> Dj| 1+ —+ Tz) e M, (48  the form(33), three-body force amplitude1), and deuteron
j=1 myr- mir form factors (45) and (46), we can calculate the hadron-

deuteron elastic scattering differential cross section for any
where the values of the parametgy, D;, andm; can be  combination of the considered effects. In fact, the general
found in Ref.[31]. The values of form factor parameteks,  analytical formulas for th@y and T, , i=1,2,3, where the
ci, Bi, andd; are presented in Table I, where the corre-D-state, phase variation, and three-body force effects are
sponding results dBy(q) andS,(q) on the basis of Eq$45)  taken into account, are easily obtained. In the following cal-
and(46), respectively, are given in Fig. 1. Also presented inculations the form factor parameters for Laconebal. wave
the same figure are the results of E@3) and(44) for Sy(q) functions in Table | are used and the used hadron-nucleon
and S,(q), respectively, using Lacombet al. wave func- parameters are given in Table Il. The calculations for three-
tions[31]. The x? value of the fitting between the two curves body force case are given with assumptioghg= A=A,
of Sy(q)—dot-dashed and dashed curves—is<@4 ° and  B;,=B,;=B. The order of the parameter, is determined
for S,(q)—dot-dot-dashed and solid curves—is>340™°, from the fact that, in the two-pion exchange interaction,
where the number of points of the data is 38.is defined as  where the three-body force takes place, the radius of interac-
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0.8
|
0.6+ FIG. 7. Deuteron form factorsSy(q) and
S,(q). Dashed and solid curves correspond to the
results of Eqs(43) and (44), respectively, with
C the deuteron wave functions of Bresset al.
@ [33]. Dot-dashed and dot-dot-dashed curves cor-
0.4+ ’ respond to the results of Eqgl5) and (46), re-

spectively, with the second group of the param-
eters of Table | which are determined using solid
and dashed curves as standard curves.

1
@ [(Gev/c)?]

tion is reduced tw /2, wherer is the radius of nuclear force considered as free parameters, which are determined from
in the two-body (or one-pion exchangeinteraction[32].  the fitting with the experimental data using thé method.
Therefore,y is of orderr§/4. If we takery=1.4fm, we get The results of the-, p-, and 7™ -d elastic scattering dif-
y~0.5fmf~13(GeVk) 2. The parameterdA and B are ferential cross sections at different energies wilkstate,

0.8
0.6
FIG. 8. Deuteron form factorsSy(q) and
_ S,(g). Dashed curves correspond to the results of
;3 Egs. (43) and (44), respectively, for Lacombe
oal et al.[31] wave functions and solid curves corre-
) spond to the results of the same equations, re-
spectively, for Bressedt al.[33] wave functions.
0.2 ¢
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three-body force, and phase variation effects are presented in =0 +Ty—T Ty

Fig. 2. The values of three-body force paramet&rand B,
phase variation parametér and the minimum values of?> ~ Therefore, the hadron-deuteron elastic scattering amplitude
for the obtained results are given in Table IIl. A good fit with ¢an be written as
the experimental data is obtained.

To see the weight of each effect alone, the results of cal-

culations for three-body force, phase variation dhdtate  The contributions of each term of this amplitude in the elas-
effects for different cases are given in Fig. 3. In general, theic scattering differential cross section are presented in Fig.
two-pion exchange three-body force is small and effective in4. Also, presented in Fig. 5 is the cross section Fgfq),
the rangeq®=0.2(GeVic)? of momentum transfer squared. F,(q)+ Fy,(q), andF(q). We can see that the contributions
This range is corresponding to the distance ramge of three-body force component are, in general, small. The
< 0.6 fm. This is in contrast to what is obtained by Primakoff pure three-body force term is, in general, smaller than the
[15], where the three-body forces dominate the dynamics ointerference term. The three-body force effect decreases with
the three-nucleon system at very large momentum transféncreasing energy. The relative roles of pure and interference
where q2=1 (GeVk)2. But, our results are in agreement terms are different at different energies. The different signs
with the radius of two-pion exchange three-body fofe®.7  of the pure and interference terms in the scattering amplitude
fm), where the radius of the force is not very short as in theF(t) reduce the final three-body force effect on the elastic
case of heavy particle-exchange@ay, andw particles. The  scattering differential cross section.
results of Ref[15] may be in agreement with the radius of  However, the phase variation effect as suggested by
the three-body force of two-particle exchange of these heavifranco[25], in general, is not enough to obtain a good fit
particles, where their radii are 0.175, 0.125, and 0.124 fmwith the experimental data, Fig. 3. Also, in the case of the
respectively. D-state effect, the same figure, the free parameters do not
The total profile function of hadron-deuteron scatteringexist and the obtained results are corresponding to the deu-
taking into account the three-body force effecfis. (19)] teron wave functions as given in R¢B1]. The results, in

F(q)=F(q)+F(q)+interference term.
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general, do not describe well the experimental data ofadius 0.7 fm. At the same time, the radius of the two pion-
hadron-deuteron elastic scattering differential cross sectiorexchange three-body force is 0.7 fm. Thus, Bwstate and
even at the minimum region, except in the casp-af elastic  the three-body force have two different regions of action
scattering where a good fit is obtained. Therefore, we believérom which most contributions are coming. For tBestate
that the three-body force effect is small, but it is important tothis region r=0.7fm and for the three-body force
obtain a good fit with the experimental data. <0.7 fm. For the other well known deuteron wave functions
A similar result, Fig. 6, for the differential cross section of {he same region of action of tH2 state can be considered,
different particles at different energies wiib-state effect see, for example, Ref§34,35. Therefore, taking into ac-
only, can be obtained using the deuteron wave functiong, ot the short distance character of high-energy scattering
which are given by Bresseétal. in Ref. [33], where sprocesses, we can interpret the obtained results for both

nucleon-nucleon potential with square finite core of radiu state and three-body force effects. The three-body force with
equal to 0.7 fm was used. The used parameters of the form

factors of Eqs.(45) and (46) in the case of Bressdt al. tr;]e smjl_ll radius Or: order 0.7ffnr1]_|shm0re compat|ble_ with tl‘rl]l_T
wave functiong33] are given in Table |, wherg? values of short |sta_1nce_ character of hig -energy scattering, while
the fitting with the form factors of Eq43) and (44) are most cgntrlbutlons of th® state are coming from the region
37x10 4 for Sy and 49< 10 ° for S,, see Fig. 7. The num- of relatively larger (r=0.7 fm). ,
ber of points of Ref[33] data is 38. Also, the form factors of ~ NOW, We ry to combine two of the considered effects
Egs. (43) and (44) for Bresselet al. [33] and for Lacombe tqgether. The rgsul_ts, with the_: wave funct_|on of F{Gfl],_ for _
et al. [31] wave functions are given in Fig. 8, where a sig- different combinations for different particles are given in
nificant difference between the two cases does not exist. Thisig. 9. The three-body force with the-state effect gives a
interpretation shows the similarity of the results of both func-better agreement with the experimental dataffed scatter-
tions. ing at 1.75 GeV¢ and forp-d at 2 GeVk. In general, one or
The wave function of Lacombet al. [31] reproduces two effects only from the three used effects are not enough to
quite well the low-energy properties as the contribution per-obtain a good fit with the data. Thus, wilrstate effect as a
cent and satisfies rigorous bounds imposed by the experprincipal correction, the three-body force effect plays a role
mental deuteron data for internucleon distancesd.6fm.  in the scattering process. The reality of the three-body force
Also, the Bressekt al. wave function[33] was calculated effect with small contribution can be accepted to obtain a
using a nucleon-nucleon potential with square finite core ofjood fit with the experimental data.
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