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ABSTRACT
Wé»review theoreticalidescriptions of hadron~déuterbn seattering
at high énérgiés. All  v the;épecifib ﬁodels have in common the Glauber
approximétibn as their'piinCipal ingredieﬂt. We deﬁofe considerable
effort to a discussion of férward elastic scattering,:f@rhwhichuthe theories
have reached the highest degree of refiﬁemenf. 'We’detail'thé modifica-

tions to the simple theory which have emerged from fine structure in
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experi@eﬁﬁgl éross sections. The relation betweeﬂlfhe Glaﬁber picture
and Reggé'fheory is‘analyzed, and thg present ihédmpletenesé of both
apprbaéhés ié exposed.A Brief.remarks are made:on'fhe anomaldus_
thresholds:in energy'variébleé which occur fdf'iﬁosely‘bound sysﬁems,
such as §hé deutefon. Finally we discﬁss more bésié géneralizations
~of the Qléﬁber method to inéiude-inelasfic scattéring of the prbjectile
or of 0p§ Qf the constituent nucleons within the-deuteron. A few
spécific.exﬁerimental tests are listed. By formﬁlating diffractive
excitatiqh of the’projectile. in»terms of_fﬁe mﬁlﬁiple scatfering
,seriés'ﬁé_éhow how unstable hadron-nucleon eidstié scattering may be

.explored.,
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Introduction

A iong—standing-prdblem of great.imperténce; hédron deuteron ‘
scattering at high .energies has recently'attr&cted cousiderablé interest,
both theoretlcal and experimental. Its sources'of appeal are @anifold
and range from the practlcal--determln&tlonS(of neutron Cross sectlons--

to the esoterlc—-lnvestlgatlons of the propertles of Regge cuts. The

' potential, and by nOW‘partially realized, utllity of deuteron targets

has been a stimulus for the development of téchniqués for extiaeting
hadron-ﬁuclebn scattering amplitudes from hadron?déuferon dé£a. Such
techniqﬁeéihave‘reached a high 1evei of spphisticétion for forwafd
elastic:sdafterihg, for which experiments have beén:fheumost.numerous and
detailed.  Lying on the borderlihe bétﬁeen elemeqfary partidle physics
and nuclearvphysics,rhadron—deuteron scattering has been a locus of
fruitful iﬁteraction between the'two-fields.

In this review we conéide? hadron—deﬁterénfScatﬁering from two
points of view. The first of these, namely the.higﬁdénergy diffraction
theory'pionéered by Gléuben.is discussed in the firét part of thé
article. We begin in Sec. 1.1 with a summary of the_eik0nal appfoXima—
tion,first for two-body collisions and then, by analogy with thg two-
body casé,:for hadron-nucleﬁs scattering. The.appfoximationé which

enter into the derivation of Glauber theory are discussed in detail.

»Section l.2tis devoted to the application of Glauberls»higheenergy

diffraction theory to hadron-deuteron coliisions. Particular emphasis
is given to elastic scattering, for which*afComprehensive comparison of
recent theoretical and experiméntal work is made. Various. generaliza-

tions of the Glauber formalism are discussed in Séc. l.3..
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In the second part we dlscuss hadron-deuteron collisions from .
_the p01nt of view of- Regge theory. Section 2.lideels with the angular
momentum structure of Glauber theory; Beginning_witn.a study<of the
connection between diffr&ction scatterlng and Regge poles, Wwe go on
- to 1nvest1gate the Regge cut contalned in the. Glauber ecllpse term in
the light of ex1sting knowledge about Regge cuts In Sec. 2 2 we deal
.very briefly ‘with anomalous s1ngular1t1es in the dnp vertex fUnction;
our: discussion then tUrns to phenomenological appllcatlong and in
Sec. 2. 5 we propose some experiments whlch will be of value in learning

how to generallze the theoretlcal descrlptlon to 1nelast1c collisions.
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1. Hadron-DeuteronvScattering in the Glauber Formalism -
IS . . :

In this first partvwé discuséshadron-deutéron‘collisions
| :

in the framework of the hlgh energy diffraction theory The basic
x

contrlbutlon is due to Glauber (1953, 1955, 1959, 1960 1967, 1969) who
generallzed the clas51caliFraunhoferdlffractlon-theory (see for examplq

Born and Wolf l96h) and the elkonal approx1mat10n of Moliére (l9h7)

to deal w1th hlgh energy hadron—nucleus processes.

1.1. The Eikonal Approximation

(a) Two-body scattering -

'As_anvintroduction to the techﬁiques used-in high-energy

diffraction theory, let us first consider the case of two-body

scattering. For high-enefgl, small angle collisions, it is particularly

convenient to discuss the seattéring in the eikonal approximation

(Molidre, 1947; Glauver, 1953, 1955, 1959; Schwinger, 1954; Malenka
1954 ; s_chi-ff, 1956;‘ Saxon and Schiff, 1957). Lé-tv..g be the relative
coordina£e Qf the two particles, whereaS'ki and Ef are the initial
and final>relative momenta. ~If the z axis,isxéhosen along the incident
direction, the elastic scattering amplitude f(e,g)- may be expanded in

spherical harmonics as

]

f(e;yf) = 21k Z Z (22 + 1)(s mo) Yﬂm(9,¢), (1.1)

£=0 m==~}

where’the transmission coefficiénts, Szm are the S-matrix elements in
the angula? momentum representation. We now decompose the vector r

as
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ro= b2k, S (ee) o

 where 'E: is the impact parameter vector, of iength b :'%(z +.%), o v @k
perpendionlar to the ineident direction. Since‘many partial waves |
contribute to the scattering at hlgh energies, the summatlon over 4
in Eq. (1. l) may be transformed 1nto an 1ntegral over b The additional
small angle condltlon then allows oneat@:neglect the;longltudinal momentum
transfer and to obtaln the elkonal representatlon of the scatterlng
amplltude as (Franco and Glauber, 1966) |

L ik, by |

£lk;,kp) = oo O A - xRy, (1.3)
'where »x(b) is. the phaee-shift functibn. For potentials which enjoy
azlmuthal symmetry 80 that Sﬁ = 5 .exp(Ei B, ); one readily obtains

from Eq. (l 3) the Fourler-Bessel representatlon of the scatterlng

",amplltude‘j
: f(k kf) = ik, db - b J, (qb)[l ‘ lx(b)3, I ¢ Y
where ,oinis the magnitude'of'thevmpmentUm transfer vector ¢ =k, - Ef‘
Defining the quantity ' _ o _ N
. '_'b'
r(e) = 1 - elx(~), (1.5) o

which wi}l:frequently, bevused below, we may rewrite Eq. (1.3) as .

(2, FEike)w

f(k k) = r(g)‘-.‘" (1.6)
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It is important to note that the deiivation of Edb (1.3) does
not requlre the existence of a potential to descrlbe the colllslon
process, although an optlcal" potentlal can always be found to describe
the scattering in the e;konal approximation (Glauper, l959,v0mnes, 1965).
Given such a potential V(r), one can easily'derive the eikonal.scattering
amplitude (1.3) . by using the facf fhat the clagsical trajectories are
almost sﬁfaight lines in the incident direction. Stationary-phase
arguments (Schiff,. 1056) or the fact that the 1neom1ng wave 1is modulated
by a functlon which varies slowly over the de Broglie wavelength of the
“incident hadron (Glauber, 1959) then yield Eq. (1.3) with a phase

shift function given by

x(0) %,—-—f V(b,2) az, @

where vi is the felatlve 1n1t1al ve1001ty. For.a detailed diseuesion
see Glauber (1959). Another interesting way of deriving “the elkonal
result (1.3) is to exdmine,the free propagator 'GO(E,{') appearing in
the Lipbmann-Schwinger equation for scattering by a potential V({),
(Malenka, 1954; Schiff, 1956). Let us write this propagator in
momentum-spéce as W =c=1), |

Gy(z,z') = -(2;1)"? 2F j’ﬂgm(ii) P, (1.8)

- k, = le
i

whe%e E is the total (relativistic) energy in the center-of-mass

systen. Let us change the variable of 1ntegrat10n in Eq. (1. 8) to

Q= K-k - g (1.9)
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'If we take into account the fact thatvthe momentﬁmutransfers are small
in a hlgh energy small—angle colllslon we may "llnearlze" the denomina-

tor of the 1ntegrand--1 e., neglect the_Q2 termfﬁand wrlte

Go(mr') » -(er) T 2E e &g . (1.10)
Using the deeompositionv(l.@ of 'r and avsimilarLdne'for r', we then
obtain the approximate formula,

‘ | ik or-rt)

-i B ki-l.e M .'Sg(gﬂ;_g'), z > z'

G(iﬁ) ~ {0 | (1.11)

which cleariy exhibits forward propagatlon between succes51ve inter-
actlons Wlth the potentlal Thls llnearlzed propagator leads dlrectly
to the elkonal scatterlng amplitude (1. 5)w1th a phase-shlft function
given by Eq (l 7) Inc1dentally let us remark that'the importance of the
’.fouredlmen31onal versibn of the linearized pfopeéétor in.treating
field‘tﬂéoreﬁical problems was recognized by Schgiﬁger (1954) and used
'recently~by'several authors (Chang and Ma, 1969;AAbérbanel and
Itzykson, 1969, Lévy and Sucher, 19703 Englert Nlcoletopoulos, Brout,
and Truffln, 1969) to sum the serles of Feynman amplltudes corresponding
to large classes of ladder dlagrams.

~° The basic Eq. (l B)has been derlved in the c.m. system.of the
two cellldlng partlcles. However, because of the s1mple klnematlcs of
high-energy small -angle scattering, the expresslon'(l,j) retains its
validify;is the laboretory'system. " The only mOdification is that k.

and kf noW‘represent thevinitial and final momenﬁa of the projectile

b3}
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in the labdfatory framéf of cgurse,vthé magnitude of Ef is now
smaller than that of k because of recoil effects;.but these effects
are smallvfor scattering near the forward éirectiéﬁ énd can be minimized
by interpreting the quantity (—qg) as the Mandelstam variable- t,
namely the square of tﬁe gggg—momentu@ transfer of the‘collision. In
what follows, we shall mainly use the lgboratory frame, since we want
the target nuclei to remain nonrelativistic. | |

(b) Hadron-nucleus collisions

Consider now a hadron X of initial laboratory energy E,
and momentum 5i incideht on g nucléus of ﬁass'number A. Assuming
that the high-enefgy, small-angle conditions are‘satisfied, the eikonal
method can be generalized in the following way (Glé._ubea:", 1953, 1955,
1959). Since the incident hadron,tra&els much faster than the charac-
teristic nuclear frequencies, it is reasonable to suppose that the

target nucleons are "frozen" during the passage of the projectile’

}through the nucleus. In addition, if-@ne»assumes that the incident

particle interacts with the target nucleons via two-body spin-
indepéndent* interactions, the transition amplitude from an initial
nuclear state |i) to a final nuclear state |f) ib given by the

overlap integral

)

ik, ¢ . ilk,-k)eb  ix, , (bgroeeer,)
F = 5 (fl jdgg e R AETR TRt ST, (1)

The generalization to spinedepehdent<interactions will be discussed

below.
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where

r o= b+z ﬁi : ' . (1.13)

is the coordinate of the incoming hadron,
= b. + z, k. i (1.1k)

are the coordinates of the target nucleons, and

. ‘ A .
Xt (R3Fs 00 0sy) = Z x5k - by) R (1.15)
. : Sj=1 R v

is the sum.of the phase shifts contributed by eébh éf the target
nucleéns.'”

‘The crucial property of phase-shift additivity, expressed by
Eq.(1.15);is clearly a direct conseéuence of the one-dimensional nature
of the relative motion, together with the'neglécf 6f three-body forces,
target nucleon motion, and longitudinal momentum~transfér.

Anéther important remarkvconéerhing Eq; (1.12) is that it
applies onl& to éollisions for whiéh the energy transfer AE 1is very
small compared with the incident enefgy Ei' Thié is true for elastic
collisions and "mildly" inelastic ones in which the nucleus is excited
or perhaps‘breaks up. It is not true for "deeply" inelastic colli-
sions,;invwhich the nature of the incident or-target hadrons is
modified ér‘the number of particles uﬁdergoing]thg'collision is altered.
Leaving aside such inelastic processes, we return to Eq. (1.12) and define

the quanﬁity

S
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Dot (B3 "+ )

Poog(Bszy oory) = 1-e | (1.16)

so that we obtain the formula

- W fe Mgtk
Fps(510%p) = 57 (7 fd~ o Poot(BsEys "5 5a) 1)

_ | | (1.17)
in close analogy with the'tWO4body expreséion (1,6). Introducihg the
quantities .

pj(g-gj) = 1-e 97 , (1.18)

Glauber now writes

BT .
N A |

- | . : e ‘
: =3 N LY - A—l
Tige = Z rJ. Z rj r, + + ( ) . ‘! ‘ rj . (1.20)
J J#4 e d=1

This last equation, vwhen substituted into Eq. {(1.17), leads
directly to an intereSting_intérﬁretation of the collision in terms of
a multiple écattering expansion. The terms linear in Fj on the right-
hand side of Eq. (1.20) account for the ”single_sc@ttering” (impulse)

. .
approximation to the scattering amplitude, whéreasgmhe,next.terms provide

It is worth pointing out that the terms "single scattering" and "impulse

approximation" are sometimes defined differently in the'iiterature.
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double, triple:-.scattering corrections. We notejthat the order of

multiple scattering can at most be A in high-energy diffraction theory,

©

reflecting the fact that the scattering ig focused in the forward
direction. |

Befcre discussing in detail thebcasevof hadron-deuteron scattering,
let usvgcntion an important applicaﬁion of Eq. (1.12) to the coherent
scattering.of high-energy hadrons by nﬁclei (Stodolcky, 1966; Goldhaber
and Joachéiﬁ;'i968).' in this case it'is convenieﬁt to define an
"optical" phase shift function X t(b) such th3£ (Glauber, 1959)

i b 12% (b-b )
e.-%‘?Pt(N) = (ile ¥ S | ]i}h ' (1.21)

and therefore--compare with Eq. (1.3)--

| ik, ik k ) ix_ '
_ i 2. ~1 ~ , opt i~
Ry o= 5 [ db e “lr-e PP o (1.22)
If we consider a sufficiently large nucleus:for.which the
concept of nuclear denslty is meaningful, and assume that the target

nucleons are uncorrelated, a 51mple expression mav be obtained for

opt
)
+(®) = £ | o(p,z) 4z, o o (123) .

=00

where vxi = 2x ki-l is'the de Broglie wavelength of the incident

0

averaged over the spins and isospins of_the_target;nuclcons,and p({)

particle, £ is the forward hadron-nucleon scattering amplitude
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is the ﬁuclear density normalized tb A, the number of nucleons in the
target. :It is interesting to note that Egs. (l.22)'ana (1.23) are
identical to those obtained by cdmﬁuting first the‘bpficél potential in
the "single scattering" approxiﬁation of Watson's mﬁltiple scattering
formalism.(Goldberger and‘Watson, 1964) and then ﬁeikonalizihg” the
resulting potential. The formalism outlined here;‘together with
additional corrections for Coulomb and target correlation effects, has
been used by Goldhaber and Joachain (1968) to analyze the experimental
data of Beiietini et al. (1966) on high-energy hadron scatteriﬁg'by a
varlety of nuclei. - | A o |

_We.shall noﬁ pursue further hadron ééattering by'nuélei other
than deuférium, The interested reader will find additional informatidn
and references in recent work (Formnek and Trefil;’l967; Mérgolis,
1968; Kolbig and Margolis, 1968; Trefil, 1969; Feshbach and Hufner,
1970) as well as in the review articles of Glaubér (1967, 19A9),

Wilkin (1968), and Czyz (1970).

1.2, Hadron-deuteron Collisions
Let us now concentrate on hadron-deuteron collisions, which
have been studied eXten§ively by using Glauber's generalization of the
eikonal apﬁroxiﬁation outlinedabove. We fol;ow_here the analysis of
Franco and Glauber (1966). The basic formula férvelastic and "mildly"
inelastic collisions is Eq. (1.17), ﬁamely

' iki s i(ki_gf).g' . v
Fes = 37 (O fdg © Peotlt) | (1.25)
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where _
i, (03 81,005 )]
r - 1 -e : . o (1.25)
The qu&ntitieS' Xn aﬁd Xp are the phase shifte contributed respec-
tively by the neutron and the proton, while the vector § is the
projection of the internal relative vector r of the deuteron in the

~d

plane of impact parameters. If we define the quantities

. ix, (b) o |
P = 1-e BT ()
and
v ix_(v) ' S
r(p) = 1-e 27 o (1.27)

pr\a
we may write Eq. (1.25) as
s Loy L. 1 1 1, N
= rb-58) +re+38) -Lk-3 ) r,(e +358)  (1.26)

Teot 5

leading to the physical interpretation in terms of single and double
scattering, as we expect from'the discussion fbllooing Eq.'(l.QO). To
analyze thls situation in more detall we note that the functlons Fn

and Ppb can be expressed in terms of hadron-nucleon scatterlng amplitudes
an and pr by an approximate two-dimensional Fourler 1nyer310no

[see Eq.v(l.B).] Thus

ren(®) 2 3, fd% e Ta(2) 5 - (29)
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where q is the moMenfum transfer vector introduced in Eq. (1.4). A

similar formula holds for T, . Returning to Eq. (1.24),we now have

Xp
. .1 . 1
lég,.i ) -1—2-%.5
._._:l..‘...;. 2.' iq’br’s  1 £ " v‘ .]; s ' ‘
* ok, fd%- R (g vz Al rrplh),  (130)

a formula which clearly justifies the‘iﬁterpretatioh of the collision _

in terms of single and double scattéring processes. The two types of

diagramé which contribute to the écattering are shown.in‘Fig. lﬁ1;

Evidently, thesé diaérams do not, at this point, héve any'mofeAcontent

than the formula (1.30). We shall return to the analysis of diagrams

later in dealing with analytic properties of scattering amplitﬁdes.
‘Let us now apply the optical'ﬁheorem |

tot

by |

oya = Ei—Im F.i) (1-31)
using Eq. (1.30) for Fyye This yields for the total hadron-deuteron
cross section

tot tot = tot -

% = %% * %xp " 8o, _ (1.32)
where 0o, the "cross section defect,” is given by

bo = -2 #(q) Relf, (a) £, (-g)] déq : (1.33)

Here ¢(g) is the form factor of the deuterqn_grouﬁd state, namely
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#He) = fe-ig'ﬁiuf’(z)l?. &r | o (1.3L)

where ﬁ(r) is the ground—state deuteron wave functlon If.the average
neutron~preton interaction has much larger range than the. hadron-

nucledn interaction, one readily.obtains the approximate formula

Bo o~ - ““ Rel £y, (0) %y (O)](r 2, (1.35)

k

where (naTe) is the inverse square of the neutron-proton distance
averaged;pver_the deuteron. ground state. fFufther, if the amplitudes
an(O) and fXP(O) are purely imaginary (”blaék‘nucleonsV),one obtains

the very simple result (Glauber, 1959)

. tot tot .. -2, o o ,
t@c > % O (ra‘ Yoo o | _(lf36)

A variety of angular distributions can be derived from Eq. (1.2h4).

The elastic differential crossvsectidn'is given by

C 5., - @l @

The total scattered intensity is obtained from

do 2 : :
(dﬂ = Z |Fﬁ,(%)-| 5 _— (1.38)
SC’

£ :
and can be evaluated by using the closure relatlon on the deuteron flnal

states. Inelastlc processes in whlch the deuteron is dissociated into

two free nucleons are calculated from
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e do .
= (a”ﬁ) “ <§5 . ) o (1'59)
. sc el | : :

N\
p1pa
- ola
N4
|_l-
o]
’ ]

The corresponding total cross sections LA osc;'ahd
iy = Oéc';.dez are difectly obtained by integrating Eqs. (1.37)-(1.%9)
over the angles, while the "absorption"” cross section
o o= 0%t g o (1.20)

abs %4 sc

>corresponds to all processes‘whereAthe‘incident hadron disapéears during-
the coliisioh or reappears with oné or several producéd particiés.j |
»The generalization of these consideratiéns to include the spin
and isosbin.degreeé of fréedom of the incidént.partiéle and the tafget
nucleons has beén carried outlﬁy seVeral authors (Franco and Glauber,
1966; Wilkin, 1966; Glauber and Franco, 1967; Alberi and Bertocchi,
-1968, 1969b). For example, coilision processes contributing to charge-
exchange scattering by the:deuteroﬁ in fhe case of an incident hadron
of isotopic spin 1/2 are represented in Fig;;l;E, whereas in Fig. 1-3 the:
double charge -exchange process leading to no net trdnsfer of charge is
shown. This last effect; first pointed out by Wilkin (1966), is small
relative to the other cross-section éofrections;_ Indeed, if 'fc(%)
is the charge—exchénge amplitude, one obtains néw for'fhe cross-section

defect, instead of Eq. (1.3%(Glauber and Franco, 1967),
b = - 2w [9a) 3t (0) £ (-a) + £ (1) £ (-0)
S A 2t xp' ) TR T TR Txpt TR

- fo(a) £(-g)] dg% , (1.51)
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or

- b 12 1, 2 2
o) = e . : - = - = ‘
° o k2 Re.j,¢‘%)[2an(%) pr(%)- 2 pr (%) 2 an (%)] dg
' (1.42)

If the hddrOnFnucleon force range ig small comparedVWith the. average
neutron-proton interaction, one may'ag&inapprbxim@tex

b6 ~ - M welz (0) 2, (0) - Ere, (0) - £, (0)12](x,?) (1.13)

—~ k2 Xn Xp 2 Xn Xp' 7 d

which under the assumption of purely imaginary amplitudes fxn(o) and
pr(O) reduces to [compare with Eq. (1.%36)]

L tot tof 1, tot tot\24, ;é o s
80~ KE[UXn %p " §(an = %p ) ](rd ) - (1.4k)

F&ancq:and Glauber (1966) have applied the theory outlined
above tg.a‘detailéd investigation of‘antiﬁrotpn%dguteron collisions in
the klab)jéhergy range‘ 0.13 to 17.l GeV, using vérious ground-state
deutéronvwavevfunctibns.' They assume:that at high energies the.antiproton~

nucieon.amplitudes are such that

() = £ () = fJ_(g); - - (1.h5)

~o

P P DN

and can:be parameterized as
_;a2 2

£ = ik M) e® T | (1.L6)
PN . pN : :
Using as input the measured experimehtal data (Elioff et al., 1962;
Calbraith et al., 1965; Czyzewski et al., 1965;'Coombes et al., 1958; -

Armenteros et al., 1960; Foley et al., 1963; Ferbel et al., 1965) on
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antiproton-proton coilisiohs, they ohtainéd total and absorption anti-
Aprotoﬁ-deuteron cross sections in good agreement with experiment

(Elieff ef al., 1962; Galbraith et ai., 19653 Chamberlain et al.,

1957) and‘éhowing an appfeéiable double scaftering'effect (see Fig; l;h).
" They also investigated syin—dependeht effects and coﬁcluded that their
influence on the crossmseétion defect:éhould.be small. Franco (1966)
has also analyzed the amtiproton~é@uterbn elastic angular distribution
for small momentum tranéfers in the region of incidegt momenta between
2.78 and 10.9 GeV/c. 1In a subsequent work, Glauber and Franco (1967)

studied the reaction
oy 0 5 ,f”A,~ ‘ i . , '
K+ d KT+ potops - L (1.47)

which, together with (K*p) collisions, isvuSed'té éxtract information
about the ‘K+n chargeaexchahge reaction (Butterworth et al., 1965)

K+_+ n —>Ko +p . : N (1.48)
They show that the effect of the charge-exchange correction on the
values of the (pn), (pn), and (K+n) total cross sections which are
obtained indirectly through deuteron measurements is very small for

incident hadron momenta above 2 GeV/c.

' We now turn to ‘a more detailed. analysis of the angular distribu-

tion of elastic hadron-deuteron scattering. We start with proton-

deuteron elasfic scattering; which has been studied in the GeV range
by various authors. (Harrington, 196k; 1968 a,b; ; Franco, 1966,
1968; Franco and Coleman, 19663 Kujawski, Sachs, and Trefil, 1968;

Franco and Glauber, 1969g; To understand qualitati#ely the main
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features of the angular distribution, let us return to Eq. (1.30), which

for f = i reduces to

Fii(g)_ = fxn(g) ¢(%,%) + £y,() ¢(_% g)A . , -

J{Qi(q) (QQ+q) (gq-q)dg," (1.49)

where %(g) is the deuteron form factor definéd in Eq. (1.34) and
X is the iﬁcoming ﬁrbtbn. We first note from the‘alternation of
sign in'Eq.'(l.28) that the doubie scattering term has 6pposite sign
to the single scattering term; .In faét, if the ampiitgdes an  énd
pr were purely imaginary, as in Eq. (lfhE), thé doublé scattering
term wouid completely_cancel the contribution of‘the single édattering
amplitude at -t ~ 0.5 (GeV/c)e. The contributioﬁ of the single and
double 5cattering terms for.sﬁéh é parametrizatioh of the amplitudes
#XN is dlsplayed in Fig. 5115, whlch ailso . shows that ‘the. single scafterlng
term domlnates near the forward direction. At larger momentum transfers
the double scattering term, which decreases much more slowly with
increasing .4, becomes the dominant contribution to the scattering
amplitudé;

ﬁet us'nbw analyze more cloéely the intermediate region of
momentum transfers where the single and double scattering terms
interfere destructivelyf‘ Since the pfoton—neutron and proton-proton
scattering amplitudes both ﬁave small real parts we do not expect the

differential cross section to exhibit a zero,but instead to show a-

sharp dip in the interference region. This region is therefore of

This(was first noticed by Franco and Glauber (1966).
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special interest,since it depends delicately upon thelphases of the
hadron-nucleon amplitudes; | |

The . first experimentalxdata on ped eldsticiseattering
(Kirillova et al., ‘196h' Belletini et al., 1965; Zolin et al., 1966;
Coleman et al , 1966, 1967) gave encouraglng agreement with Glauber's -
theory. For example, the large—angle measurements at 2.0 GeV/c

(Coleman €t al.,1966) confirmed the 1mportance of the double scattering

term in the region of four-momentum transfers
2 32 : '
0.5 (GeV/c)™ < -t < 1.5 (GeV/e)™, (1.50)

and were invexcellent.egreement with the theoreticai cslcuiations of
Franco and'Coleman (1966). However, these larger-sngle data‘did not

fully cover'the important intermediate region. 'Itfremained for Bennett

et al. (1967) to perform a crucmal p d experiment at 1 GeV, which
showed agreement with the theory in the small and larger momentum

transfer ranges, but dlsplayed_only a shoulder (no dlp) in the interference
region (see Fig.lfﬁ)-This result was confirmed by measurements at 582

MeV (Boschitz, quoted in Glauber 1969). A similar feature was observed

in gx"d .elastic scattering experiments n(Bradamsnte et al., 1968).

. Several suggestions were proposed to understand this'apparent
peredox' monmentum <transfer dependence of tne phases of thebproton-
neutron and proton-proton amplitudes (Bennett et al,, 1967), spln
effects (KuJawskl, Sachs, and Trefil, 1968; Franco, 1968), 1nfluence
of three-body forces (Harrington, 1968a) or of 1nelast1c 1ntermed1ate
states (Pumplln and Ross, 1968; Alberi and Bertocchi, 1969a, Harrlngton;
1970). As in anyvgood thriller, though, there is one crucial fact which.

-~
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leads to .the solution of the difficulty, namely that interference
-minima é{gkobserved in the elastic scattering of p;¢tons by the spin-
zero nuclei .Heu, Clg, and Ol6. (Palevsky et di;;>i967; Boschitz et al.
1968) It is}therefore tempting fo associate thesébéence of the dip

with thé_quadrupole deformatién of the deuﬁéﬁbh; because

this : .nubleus has spin one (Harrington, 19685);'Detailed calculations
taking iﬁfé account the D-state of the deuteron~héve been done for-

(p,d) Vscattéring by Franco and Glauberv(l969) and ére in good agreement
with the.experimental data. Figure 1_7 shows the éémparisbn e thé
theoretiéé} calculations (Frénco and Glauber, 1969) and the‘experimental
dafa at 1 and 2 GeV. Recent elastic p d exﬁériﬁents at 12.8 GeV/c
(Bradamanté et al., 1969b;' Fidecaro et al., qqéfed in Glauber, 1969)
and at ﬁigher energies (Allaby et al., 1969a,b) " are also in excellent
agreement with the improved vefsion of the theory.

'Similar consideratioﬁsvapply to pion—deﬁﬁéron elastic scattering.

’Alberi and Bertocchi (1969b) have re-analyzed fhe-data of Bradamante

et al. (1968) by taking into account the D state of the deuteron. Their
resuits are shown in Fig. 1-8, which exhibits ihpressive agreement between
theory aﬁd experiment.‘ Analogous calculations by Michael and Wilkin
(1969) also agree very well with the x~d elastic differential cros§
sections of Fellinger et al. (1969) and Bradaménté.et al. (1968, 1969a,
1970) for incident pion momenta between 2 and 1§;é GeV/c (Fig..l-g)._

Since the scattering amplitude for elasfic hadron~-deuteron

scattering in the intermediate momentum transfer fegion ié dominated

by quadrupdle transitions between the deuteron S and D states, it is
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strongly dependent on the relative orientations of the momentum transfer
and the deutefon spin. - Thus, as Franco and Glauber (1969) have p01nted
out, interéstieg effects could appear in experlments involving
polarized'deﬁferon targets. ’Indeed, with such a target, thevinterference '
dip can eppear or not depending on the particular experimental arrengement,
namely on the orientation of the polarization axis. Aﬁqther intereéting
experiment using'the:sﬁin-dependence arising from:the D~wave'ceﬁpoﬁent
of the deuteron to preduce high-energy aligned deuterons;has been
proposed’ by Harrington (1069a) It consieﬁe in ieﬁtiﬁg'high-energy
incident deuterons colllde with protons, so that the scattered deuterons
will be strongly polarlzed ﬁ

Finally let us mention the experlments of Carter et al. (1968),
who measured n-d  cross sectlons,and of Chase et al. (1969) on |
1nelastlc pion- deuteron scattering at 5. 5) GeV/c leading to an outgoing
pion plus anything in the flnal state (m1351ng-mass experlment) The
inelastic intensity, calculated from Eq. (1.39), was found to be in
good agreement with the data. See also Hsiung eﬁzal. (1968).

1.3. Extensions of the Glauber Method

The Glauber formalism which we have reviewed so far leads to
remarkéblj_simpie formulae Which can easily be.interpreted physically.
Let usvreeaﬁitulate the Easic ingredients of Glauber's method:

(1) Use of the eikenal’apprbxim&tion'valid for high-energy and
small angles and neglect. of the longitudinal momenfum transfer.

(2) Neglect of the "reaction” of ﬁarget hucleons.

(3) Phase additivity, i.e.,'the total phase-shift funetion»is

the sum of the phase shifts for each individual hadron-nucleon scatteriﬁg.'
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(&) _Néglect of three-body forcés;

As we have emphésized above,this method is ét its best for
collisions ih which the inelasticity is small, in pérﬁicular for elastic
scattering, for which the results in the high-enérgy small-angle limits
are in exéellent agreement with the data. . Even iﬁ»that case,'hbwever,
one shoula keep in mind that several correction terms, typifiéd by the
contribution of inelastic intermediate stdtes.(séé Fig. 1-10) should be
included in the scattering amplitude. There is no.éimpie way to take into
accountvfhé-contributidn of such inelastic intérmediafe’states within
the framéwoik of Glauber's methodﬁ Fortuhately,;because of the mass
difference; the reaction | |

p+pop+ N - | | | (1.51)
has a miﬁimum momentum transfer greater than zero, so that two relatively
large anglekscatterings-of this type, leaving the deuteron in ifs bound
state, ére not likely to occur with high probability compared with the
single and double scatteriﬁg terms diséussed before. Such "truly
inelastié" corrections have been consigered for protqn-hucleon scattering
by Pumélin and Ross (1968)>and forvpi;n;deuteronvécattering by Alberi
and Bertocchi (1969a) and Harrington (1970).

~ The excellent agreemént betweeﬁ conventioﬁéi Glauber theory and
the 19.1 GeV/c pd data of Allaby, efual, (1969)'indicates that inelastic
corrections are negligible at that momentum.

More serious problems ariselwhen one wants to study coherent
producﬁiOn reactions such as

n+d oA +d ' : (1.52)

or ,
p + Heu >N+ Heu,'etcc (1.53)
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Goldhaber and Joachain (1968) have proposed a simple; DWBA-type method
to deal with such reactions when theé target nucleus is "large." This
formalism has been applied to exfract the Al-nucleoh cross section

from the analysis of cohereht A | production in freon (Goldhaber,

1
Joachain, Lubatti,vand Veillet, 1969). Similar ideas could possibly
be applied to analyze reactions like (L.52)-(1.53).? | |

‘A more ambitious atfempt atvimprOQing Glauber's method is to
proceed'in a systematic way from a.moré general formalism. Leaving
aside the'iethods based dn'ahélyfic propertieé df theISCatte¥ing.
amplitudeé, to whiéh'wé éhail.feturn léter, we stérf here ffémuthe_
multiple séattering formalism (Goldberger and Watson, 196L; Kermén;
McManus, and Thaler, 1959). AnalySes along thesé lines have been made
recently by Czyz and Maximon (1968, 1969) and by Remler (1968): Since
we are particularly interested in hadron-deuteron scattéring, it is
conveniént'to start from the Faddeev equations (Faddeev 1960, 1961;
1962.) ’.'v?vwhich correctly deséribé three-body collisions, at least
in the unonrelativisticAlimit.*

Let us label the incoming hadron as particle 1 and the proton’
and neutron of the deuteron As particies 2 and 3, respectively. The

total scattering operath can be Writtén as

v o= o), @), o 03) o o (1.54)

Generalizations of”the Faddeev»eqﬁationé to include relativistic
kinematics have been proposed by several authérs (Freedman, Lovelace,
- and Namylowski, 1966; Alessandrini and Omnés, 1965; Blankenbecler

andisﬁgar, 1966).
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where T<l) "is the sum of all diagrams which contributeto T in which

particles 2 and 3 interact last. The Faddeev equations then read

‘ ‘ . . . o . C N
(1) N | /(1) -
T . Tl : QI Tl o™
(2) _ (2) |
o) )L °\ o)
3) f ! \ 3
T . E v T
/ T 5T Y
(1.55)
where GO. is the free Green s functlon of the system and T (i=1,2,3)

are the two-body T matrlces correspondlng to two-partlcle scatterlng
with the_thlrd partlcle Vi free. It should be noted that the Faddeev
equationsﬂafe éssentiéll&"équiﬁélent to Watson s multlple scatterlng
equations (Goldberger and Watson, l96h Watson and Nuttall 1967)
Appllcatlon of the appropriate boundary condltlons then leads to
multiple scatterlng express1ons for various three-body collision

processes. For example, in the case of elastic scattering, we have

T = T, + T5 f TEGOTB + T5GOT2 e R (1.56)

Bhasin'(l967)#hgs(m@de.é,det@iled.Study of this .
equation. "As expécted, the two first terms onvfhe_right.reduce to -
Glauber's single scattering terﬁs if one ignores the dependence of ‘Tg
or T3 on the energy of the third particle and also assumes the two-
body off-the-energy—shell amplitudes to be,functidns only of the
momentum transfer. With these assumptions and the additional require-
k., the double scattering terms T2G0T5 and 1,6,
also reducg to the Glauber "eclipse" correction. Pumplin (1968) and

ment that % ~k
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Bhasin éhd.varma (1969) have investigaﬁéd thg importance of the off-
shell cérrections on the double scattering téfms."ThEy £ind that the
corresponding effect for_protoh-deuterbn scatteripg is_lafgest in the
interference regioh between single and double scattéring. However,
Herrington (1969b) has-fecently shown that in a‘poteﬁtial model the
off-energy-shell effects in the double scattering term must cancel the
contribution of the remfining part of thexmultiﬁléfséattering series
in'the‘ﬁig£~energy Limit.* it sh@ﬂlﬂfgévnotéd here £hat only in high-
energy diffraction thé&f& does the muiﬁipié_scattefiﬁgzéeries terminate
after A terms. .In the deuteron case’conéidefedihéﬁe the tripie,
qﬁadruple,~~' terms are’SmalL sihce theiy contain at’léast one (unlikely)
backwar&“scattering Their sum could well annlhilate the off-energy-
shell contrlbutlon to. the double scatterlng term, 1f the mechanlsm
described by Harrington also works_for‘lnteract;ons.whlch cannot be
described by potentisls.

Whlle we are stlll dlscuss1ng tha multlple scatterlng series,
it is worth mentlonlng a recent paper by . beoed-Hansen (l969),who has
pointed out that trunCQted versions of=the_Glauber-series (1.20) could
ﬁxoduceimisleading.re§u1ts, since the series is slowly converging in
terms of hultiplicity. This'remérk, evidently, does not apply to the
deuteron case--where the multiplicity is two--pgt. is relevant in
cases such as nucleuSwﬁuc;eus collisions (Franco, 1967, 1970) as well
as in quark model or multiple scattering theories of hadron-hadron

- scattering (Harrington and'Pagnamentd,.i967, 1968, 1969; Deloff, 19673

Harrington's calculation will be discussed in more detail in Sec. 2.1,
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Barnhill,t1967; Schrauner, Benofy, and Cho, 1967; Chou énd Yang, l968§
Frautschi and Margolis, 1968; Duranq‘and Lipes, 1968).

| We ﬁOW'return to the question of relaxing 'éome of the basic
assumptidns'of‘Glauber's theory. A simple approach to the problem of
extending the éikonal method to scattering angles which, although
geometrically small (6 << 1) cpﬁld be dyhamically‘large, 0 :(kd)-%,
where d is the characteristic ’v'eikonal distanée'f (Glauber, 1959)
has been recently suggested by Schiff (1968). The brocedure followed
by Schiff,éénsists in interpblatihg between two expressions, valid
respectiveij in the small and large angle limitn~“(Schiff,,l956; Saxon
and Schiff, 1957). He writes the scattéring amplitude as |

_ +oo 1[%‘E+j n(é,z')dzwy(e)j k(b,z')dz']
k. N '
= 5= ,

‘dgg - dz x(b,z) e i ,
- » _ (1.57)

-0

where -k(r) is the wave-number shift and 7(9)_>is_30me unknown

function of -©, such that

¥(e) = 0 in the small-angle limit .
‘ « (1.58)
-'T(Q) = 1 ‘in the large-angle limit. :
- Performing the z integration in Eq. (1.57) leads to
1 ix [.2 igb . iv(@Jx(p ), |
29) = prriieyr o SRR ETERR BN as)
where
+m .
x() = k(b,z’) dz’ . o | (1.60)

-00
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Clearly, the Eq. (1555)-redﬁces'to the eikonal éxpfession (1.3) for

r(6) = 0 and leads to

£(a) = %; "422vei%f3“x(2) SR (1.61)

in the large—angle limif: It_isrinterésting to no%enthat.Eq; (1.61)
has been‘préposed in andﬁher context bvayers and Yaﬁg (1966). Ross
(1968) has used this method to sfﬁay préton-ﬁeh écaftering at larger
angles andiéompafe it with the Glauber-type calcﬁ;ations.of Bassel and
Wilkin (1967; 1968), and Czyz and Le¥niak (1967)11'An'important drawback
of Schiffis.method, howevef, ié fhat 7(8) is an arbitraiy,.possibly
complex_fﬁnctioh subjeet only to the'instruCtion'(l;58), so that too
much freedom is left in the parametrization of it.

Finally, let us cohsider briefly the effect-of.tﬁree—bédy fbrces
in hadron-deuteron collisions. Harrington (1968b) has studied correc-
- tions to.the Glauber expansion due to the scattering of the incident
hadron frpﬁ a pion being exchanged by the two target nucleons.
Numerical estimates indicate that such aﬁ effect on the total.cross
section is guite small (<l% at very high energies), but could
possibly'influence the differenfial cross section at large momentum

transfers.
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2. Hadron-Deuteron Scattering and Regge Theory

2.1. Glauﬁer Theory in the J'Piaﬁe

ﬁow to calculaté Regge cuts (branch'cuté-inlthe_ahgular
momentum plane) is'bné of the challenging thgoretical pfobiems of the
present day, for which no solution seems close‘aﬁ haﬁd. ‘We therefore
choose an‘hiﬁtorical approach to the relation befwéeh thé Glauber
formalism and Regge theory. In this way we shal; eﬁcounter some of
the false steps which ha&e beéh téken in the pasf, and try to convey the
theoretibal gtmosphere of the ﬁresent.' Some insight is gainéd into the
connection between diffréction andvRegge poles if, foilowing'Udgaonkar‘
and Gell-Ménn (1962), we understand the shrinkagé of the diffrgctioﬁ ‘
peak by.an optical analogue. | |

At high energies hadronfhadroﬁ scattering ié'apéarently dominated
by POmefanchuk exchange. The X-Y elastic scattering invariant
amplitude, which we represent‘in Fig. 2-1; has the form for sméll angles

o ’ ap(t)
A (s,t) = {1 - cotlxap(t)/2]) 7 (t) n,(t) SO<%> , (271)

where s = -(pX;+ pY)2 is the square of the totél_é;m;ienergy,

t = —(pX_4 p}'{)2 is the thare:of the foﬁr-momentum transfer, 54 is
the Regge scale energy-squared, and aP(t) is the Pomeranchuk trajec-
tory funétion: ,g%xo) = 1. The total éross sectién is given in terms

of this amplitude by the optical theorem;

Totar () = %‘Im[AXY(S;O)] = 1,(0) w(0) . _ (2.2)
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Here we have explicitly ex@osed the f&cforization property of the pole

residues. Let us rewrite. (2.1) as

' Co (b
A(s,t) = '{i - cotFnQ%(t)/g]} sO(ES) P gtotal(é)
o In(6) B8/ ()] . (2.3)

Now assume that the Pomeranchuk trajectory is linear, qP(t) =1 + et,
- and that the residue functions are slowly varying, so we may set the
factor in square brackets equal to 1. Then for small t. we have -

etlog(3-)

A(s,t) = 1is Utétal s) e o, ’ (2.4)

which exhibits, for e >'O, the shrinkage of the diffraction peak..
We write the partial-wave series for A(s,t),

. - v ‘21
A(s,t) = 8xi :{:(22 + 1) PZ(COS Qs)(lv_ e 5Z) . (2.5)
£

We turn the sum over £ into an integral, introduce the impact
. 1 1
parameter b = 2¢ s 2, and use Pﬂ(COS QS) ~ Pz(l + 2t/s) = Jo[b(-t)EJ.

We then calculate f(s,t), an amplitude such that %%‘5 If(s,t)lz,

. Lo
which for - NN scattering at high energies is f(s,t) ~ [Us(x)Z] lA(s,.t),

so that
£(s,t) = —=—p 2xbab[1 = S(b,s)] Jo[b(—t)%]
2(n)2

O .
¢ (2.6)

- ~—-——1—j a%p[1 - s(u,s)] e %
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v : 21i%
where the transmission coefficient S(b,s) = e ahd q2 = ~t. In

the exponential approximation (2.4) Fourier inversion gives the absorp-

tion coefficient.[now o= ototal(s)]
1 - 8(p;s) ~ gole 103(25)]'1 exp{ebg/[he»log(ggj]}.‘ (2.7)

Evidently the effective radius-squared (the value of b2 for which the
absorption‘coeffidient‘is' l/e times its value at b = 0) is

Le log(zm);'which increases logarithmically with s. Likewise' the
o .
transparency, which we define as [1 - S(b = o,s)}*l, is logarithmically

increasing with s because of the factor ¢ log(§4). Finally we find
that the elastic cross section,’

o _'='fdzg|1-'_ S(p,s)|% =~ e, (2.8)

* 325 € log(:-)
-5

tends tb:zefo as 8 ;aw;

 Letvus describe a nucleus approximately as avcomposite system
specified by a wave function reféfring to the individﬁal coordinates of
the constgtuent nucleons. ‘Assuming that high-energy NN scattering is
contrdlied by Regge po;eé, we compute the_amplitude'for high-energy
N-d scattering. The probability distribution [w!g of the nucleon
positions is integrated over the beam direction (z coordinates) to |
give a probability distribution 'P(gl,ge) of twofdiménsional.vectors.
Ei' Then the transmission coefficieﬁt for the deuteron, ‘Sd(ggs), is

Jjust the avéraged product of the transmission coefficients for the

constituent nucleons:
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54(0s8) = fdzgl jdagg P(Ry8p) S(2 = Byss) S(2 - bys).

(2.9)
Now we take the deuteron c.m. as the origin so that b, = % o and
b, = —% 0 where p 1is the two-dimensional relative coordinate. Let
the wave function--ignoring spin-- be W(Q,z) dnd_define
[+ . ip'
2 {”2 o KR
a(p°) = dz | aplv(p,z)|" e . , (2.10)
e J |
Then we get for the scattering amplitude and totalJcross section
i s of{t)-1
fra(s,t) = —=r {20 a(~-t/4) B(t)(=)
Xd : 5 s
. b(x) 0
' .02 2
e s Xt B(<~—p>2) B((—-+g>)
8"
o((-m))m((——p)?)-e o
(2.11)
and
2
2 o 2o(-p7)-2
t t g 2 2 2442,8 -
a = 20-== Re [ apa(p’) [B(-p)] (%) , (2.12)
Xd 8n2 ~ 5q ;

where B(t) = {1 + i cot[na(t)/2]) 54 yk(t)‘y?(t)/yk(o) 1, (0) is the
Regge residue function.

In addition to the Pomeranchuk pole term,'with a coefficient
twice as lérge in the forward direction as in the NN case, there is.
an eclipse termAWhich corresponds to a continuous "smear" ovaegge

poles, i.e. to a Regge cut. with branch point at
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o, = m(t/A) -1 (2a)

This is the result of.Udgaonkar_and Géil-Manﬁ'(igéz); At very high
energiee,etne eclipse term at: t =0 vanlshes llke l/log(s/so) and

igt‘7>2o.. e This is sensible because, as we saw above, the nucleons
become very transparent at hlgh energies. For 1ntermed1ate energies,
the ecllpse term can be identified with Glauber*e; |

| Abere et al. (1966) observed that from the. p01nt of view of
Feynman graphs the double scatterlng termecontalns no Regge cut, 80
the valldlty of the result of Udgaonkar and Gell Mann and by extens1on,.
of Glauber theory at hlgh energles is questlonable. To compress this
dlscu331on somewhat we draw from a recent lecture. by Wilkin (1969). We
mayvrepreeent the Glauber terms graphically as the impuse (or single
scatterlng) ferms of Figs. 2-2a,b and the ecllpse (or double scatterlng)
term of Flg 2-2C. Regarded as a Feynman dlagram, the double scattering
.graph has no Regge cut, because the off-mass-shell part of the loop
rlntegralvcancels the Regge cut from the onemass-shell,contrlbutlon which
is obtained'by replacing the_propagator by a delta function. Thus it
contributes asymptotically only as S—B, not aén's/log Sy which is
given by the Glauber formuia. A general Feynnan diagram as in Fig. 2-3
has a jeplane branch cut on the physical sheet only if both the left
hand ana-tne right-hand'blobs_havevmonzero: third double spectral
~functions Xv (s tﬂ" in the techannel sense. In other words, crossed
'llnes are requlred on both sides of the graph; the simplest dlagram ;

with a Regge cut appears in Fig. 2-4a [cf. Mandelstam (1963), Wllkln

(1964)7]. ‘Such a result must be a source of embarrassment either for
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Glauber fheory as embodied in the calculation of Udgaonkar and Gell-Mann
or for Feynman graphs, if th for bbth. On the one hénd Feynman diagrams
are "funddmental".and therefore to. be believed. vOn the other, Glauber
theory.has Been checked expefimentaily for energies up to a few GeV.

One may try to 01rcumvent the difficulty by imputing to the.
progectlle hadron an 1nternal structure whlch includes a cross (e. g.,
Fig. 2- hb) and clalmlng that the comp031teness of hadrons restores the
Regge cut. Such a calculation was performed by:Aberset al. (1966), who
therebyﬁpropbsed to replace the Glauber eclipsertefm with a complicated
expreSsionrdependent upon the internal structure of the projectiie.
Assigning a particular internal structure to the.prpjectile seems
artificial; especiallj when the impﬁﬁed structure may be absent. As
Quigg (1970) emphasizes, the statement Segu.# C is equi#aléﬁﬁ to
the statement that the projectile has definite (s-channel) signature.

- To the extsnt that-exchange degeneracy is exact . . ...: hadrons do

not have definite signature and the cross, artificial or not, simply

- does not correspond to physics. This phenomenological Argument provides
strong circumstantial evidence against the imputed structure Feynman
'graph approach.

Landshoff (1969) has estimated the energy at which the Glauber
theory fesult (the Regge cut of Udgaonkér and Géli-Mann) ceases to be
valid numerically under the assumptioﬁ that thevrelevant amplitude is
given by ﬁhe Feynman.graph of.Fig. 2-2¢, without assigning any structure
to the préjectile. As the deuteron is very lighfly bound, the critical
blaboratory energy at‘ﬁhich,the Glauber theory should break down is |

very large,
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E F(M |

. : . ;. : , i
. — ) . . ; - Py oY 2
eritical ?projectile,'nucleon/Deuteron Binding Energy)Z.

(2.14)
For incident nucleons this is about 20 GeV. VThQs.while the Feynman
diagramnconsi&eredhas no'cﬁt in the J plane its numerical properties
are quite'si@ilar over a Wide'range ofﬂenergy to those of the Glauber
eclipsé term.

.Fﬁrther doubt has been cast upon ﬁhe simplévdiagfaﬁ approach
by a potential theory célculation of HarringtonV@L9695)5 In Glauber

theory the'amplitude for scattering from a potential V is

o X, (k. ~k.)*b . - '
ol oy i ~i~fl ~ o ix(b) .
'f(ki),}sf_)j, ) : dag € [e > :l]) v(.l°5)
where

() (1.7)

I

We let g = k -k

k, - ko and invert the Fourier integral (1.3). Thus with

£(q) E_f(%i?%f) we get
~ o1 2 —ig-b . |
£(b) = = [dTgeTRR(g). o (2.15)

In momentum space we have

Wp) = —2= | Px Ly, O (216)

and the phase shift expressed in terms of V is
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’ or [ .2 b | |
) = -2 [y R o (2.17)
We expand the integrand of (1.3) in powers of ix(g),.

Ok, e L) -
o dzg 12D 2 —_ 7 (2.18)
n=l )

and substitute (2.17) into (2.18) to obtain.

© .
_ e 1 2. ... 2 2ni
£ = 2ﬂ1'kian jd%l dqn1(1>
: n=1

n

. : n-1 o
X Vley) Vg, ) Tg - ) qp)- (2.19)
| i=l v B

This represents an infinite sum of ladder graphs in which the Feynman
loop integrals are integiated:ohly over transverse momentum components.

We can reexpress (1.3) in terms of the Born amplitude

fola) = —ox® v(g), - | (2.20)"

f = —Ej'[lk Z n° d)d‘%ooa./’ %rl-l

x (o). Cf

Thus we have a prescription for caleulating,the "absorptive corrections”

to any Born term fgo Wilkin next applies these rules to xd scatter-

ing to give some intuitive background to Harrington's result. First
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notice that the vertex d - np .is'merely a deuteron wave function which
we write in momentum space as $(p). If the np amplitude of Fig. 2-2b

is the Born term’ fik%) we get

.jdj a' Pla/t - q") Blg/% +q') fg(g), | - (2.22)

which is the expected result. It is straightforward to verify that .
the right ;nswer is obtaihed'fbr;Fig. 2—2c; | N |

Now consider the graphs in fig, 2-5. Rémarkably, bofh of
these givé  the same answer, | | | - ;

{

jd%fdegl F(p) Bz + 91) T (g - ¥/2)

X j o, 80 2R @2 gy - ) s (2.23)

Which is recognizdblebas part of the Gléuber hultipie‘écattering term
expandedﬂinva Born series. Thus the Glauber ﬁhébry includes triple
scattering terms such as those in Fig. 2-5. Nétice that the ordering
of the TP and gsn potential interactions does not affect the
contribqtion of the graph. This ié true forvany.cbmplicated graph, as
can be proved from the rules obtained above. It is then a basic
property of Glauber theory that the Srder'in which the interactions
take place does not matter. A picturesque explénétion of this fact
[Wilkin (1969)] is that in deriving Glauber theory it is always
assumed that the incident energy is large and any changes are very

small. Complementary to this certainty in energy is an uncertainty
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in timg: it is impossible to»fell which interactioﬁ £ékes place first
and hence thefe is a‘coﬁmutativity émong the sévéfa@Jsé&ttering;; Glauber
theory exploits this independ§n¢e.of time‘order by lumping all the ﬁp
interactions together at one end of the (Glauber,khptbFeynmanl) diagram
and pushingrall the nnl intefacticnébto fhe other end.

Har?ington's calculation goes further,,'Employing’the Faddeev
multiple scaﬁtering series (cf. Sec. l,ﬁlof this review) he provesvfhat
in the high energy limit and in the Glauber approximgtion the off-shell
contribution to the double scattefing term is canceléd: by the higher
order terms in the serieé. The proof consists in ébserving that in

the high-energy limit the scattering amplitude is given by the Glauber

approximation
o ' (n) o . '
~ . = : 2 °
T Tﬁlauber E: TGlauber’._ (2.2%)
n A
where T(n) is T(g) ‘after the Glauber approximations have been
Glauber _ .

made. If we break the linegrized propagator into its &-function [&]

and principal value [P] (off-mass-shell) parts and corféspondingly

Glauber = “Glauber,d’

w(2)
separate. TGlauber as |
(2) (@) (2) o
Tolauver = Glauber,s Tglauber,P’ | (2.25)
then
TGlauber = T(l) + T(g) o : (2.26)

Thereby it follows that in the high—energy limit the off-shell contribu-
tion to 'T(d) must be canceled by the higher-order térms in the multiple

scattering series
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(2) (n)
ji: T ~ Glauber P j{: Glauber = 0. (2.27)
n_5 - . n=5 . ‘ ) .

It is not knoﬁo whether this exact cancellatlon carries over to
the relativ1st1c domaln, but the llkellhood that more compllcated
disgrams w1ll contlnue to Dbe 1mportant means that the use of a few
Feynman graphs to debunk (or derlve') Glauber is a very dubious
proceduref. There is a lesson here for Regge cut calculatlons in
nonnuclear hadronmhadron scattéring.as well, Y[We do not pursue non-
deuteroﬁ'écattering ény'furthér:here, buf récommehd a sampling of
opinion;"FOf thevcoonéction'between muitiple scattéfing and Regge cuts
see the disoﬁésion'by'Jaékson (1970)( The case.agaiﬁst imputed strﬁcture
is develoned at more length by Qulgg (1970), but for an opposing view,
the reJectlon of exchange degeneracy, gee Risk (1970) B

2.2. Singularitmea in the Nande]stam Plane

'ﬁe”shall not dwell on the analyt1Cu$tructure of the hadron-
deuteron scattering amplltude in the momentum varlables, for we are
able to lefer the reader to the elegant reVJeW'by Ericson and Locher
(1969) on hadronnnucleus forward dlspersion relatlons. In the language
of -matrlx theory, the lLightlybound structure of the deuteron is
ev1denced through the existence of anomalous threshold s1ngular1t1es
(so called because they cannot be_dlscerned in strglghtforward fashion
from unita?ity) in 4 -» 8 Regge reéi@ue functions; [KarpluS»et al.
(l958§l; A rather com@iete discussion of the singularities of the _don

Regge residue function has recently been given by Lee (1968). Here we
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content durselveé with recalling fdr the feéder wha£ anomalous singu—.
larities are, by giving an intuitive discussion dué to Bohr <l960),
Consider the virtual process d < np. Theudéuteron is stablé
in the uspal sense because Md < Mp + Mn;' For states below threshold,
with energies Iwil < Mi’ a'virtual_decay cah take place-if all the
particleé héve positive imaginary momenta (+iK)  in the z Qiréction,
say. Tﬁe four -momentum vector of a particle with iméginary three-
momentum i§ Euclidean: M2 = w2 + KEr The energy momentum conservation
equation can”be represented geometrically by a triangle in the w-«
plane as in Fig. 2-6. .For the virtual decay to occuf_all the‘energieé
w and pseudomomenta « must be posifive, which means the triangle will

close if Mdg > Mp2 + Mng. Hence an anomalous singularity will occur

for the deuteron because the deuteron mass satisfies

2 2 2 o : g
(Mp +_Mn) > My >Mp- + M. (2.28)

For the deuteron this anomalous threshold lies very near the physical

region, at

. (Mdg‘_Mz _u 3)?
£ n
t. = UM ° -
0 i) M2
d

(2.29)

€

0.05(Gev/c)2.

In most phénomenological studies the full complications of
kinematics (in particular, of the anomalous threshold) have been
*
ignored.  As an example we cite the analysis of coherent K (890)

production XKd —K*d at 4.5 GeV/c of Eisner et al. (1968),in which the
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deuteronAis treated as a stfﬁetureless spin—l‘object. Typically
statistics have been so low that more sophisticaﬁed analysis would be
unwarrantea. ‘For example, see Buchner et al. (1969) for coherent K"
prodﬁctien‘at 3 GeV/c, Alber1 and Bertocchl (l969a) estlmated the
contribuﬁion_of inelastic intermedlate meson states in xd - nd.. Again
the subtletiee of kinematics Were.ignored as the,ﬁegge pole parametriza-
tion was uced to glve the Phragmen-Llndeloff theorem connection between
asymptotlc energv dependence and the phase of an. amplltude. leen the
success Qf‘theorles for xd —and. whlchftakeproperAaccount of epin

[ef. See;'l.é] the correctiohs’due to inelestic;iﬁtefmediate states
are llkely to be small | ) |

An exceptlon to the general rule is the paper by Barger and

Michael (1969) in which the full gore of Lee's klnematlcs is applled to
19)8) ‘9ﬂ+d, despite the relatlve absence of data.: An exer01se whlch seems
useful forlthe'futﬁre.is the construction of‘klpematically correct
,Regge-pqle amplitUdes fer tﬁe impulse and eclipee terms for coherent
prodﬁction:off}deuterens. | ~

2.%, Some Experimental Tests

Ae we have indicated in the first part of,this review,Glauber'
theory.haeibeen fested and refined extensively'fortelastic hadron-
deuteroﬁ:séattering. Such.detailed comparison of theory with experiment
has not yet.been made in the inelastic cases, and we therefore wisﬁ to
close b& making some simple remarks about inelaetic'scattering Little
is known about the catastrophic case in which the deuteron is broken

up and one of the constituent nucleons is transformed into a nucleon
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resonance or a hyperon. A purely experimental investigation which we
can recommend is the comparlson of N' productlon Cross sectlons off
deuterons w1th the correspondlng cross sectlons off protons. For

example, examlnatlon of

K+d. - K" n, vs Kb Ot
will re?ééipwhether the néutrbn is fruiy'a épéététbr or not. ‘If ﬁot,
the rescatterings .Aj+n»;>Af+h,‘eté, may‘beIimportahtbeffects. .This
kind of information is neédedbfor one criticélly té ésseésthe evidence
for T =2 éxéhange reportéd in a compéfisonvéfl fp ¥>nfa with
rd —>ﬂ'AN . [See the dlscu331on by D1ebold(l969) ] o

Backward hadron deuteron scattering is a case in whlch the ”
Glauber.approx1matlon restrlcted “to small angles would presumably break
down. The. most straightforward reaction is pd.—>dp, for which
Bertocchi and Capella (1967) proposed a double scatterlng mechanism
with nucleon exchange. to. obtain satisfactory agreement Wlth the data
of Coleman et al. (1966) ‘No single (known) particle exchange is allowed
in nd —adn, 50 - any explanatlon of this reaction will suffer all the
ambiguities of exotic box graphs for hadron—hadron scattering.

‘Coherent execitation 6fvthe projectile is a more tractable
problem'theoretically, and severalyexperiments seem feasible. Of these

we mention in particular

We thank Dr. G..C. Fox for reminding us of this state of affairs.



Co-hoo , UCRL-19851

(i) nd - A, d,

,(ii_) | pd;N*(mBa)d,

(111) X4 - Qd.
All of the final>statesvmay be obtained by vacuum exch&nge from the
initial states. Using thé multiple séatﬁering férﬁélism, we can
formulaté the problem to show explicitly what is to be learned from
this class of e#periments. | | |

For a general coherent production
X +d =X +d

we geneiglize the multiple scettering expansion (1}56) in an obvious

way to write

Xa X P Xp

(2.30)

where Eij describes the elastic scattering of particles i and J

and T is the amplitude cqrresponding to the procéss Xk -»X". For

k

applicatiohs we wish to assume in the spirit of Harrington (1969b) that

the infinite series implied by (2.30) can be replaced by the on-shell

contributions to the terms we have written expliéitly. Then for the

reactions (i)-(iii) above everything is known (or otherwise measurable)

except the X*—nucleon.elastic scattering amplitude; Thus diffractive

excitation of hadron resonances off deuterons becomes & means. for

studying unstable hadron-nucleon scattering.

2
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FIGURE CAPTIONS

. The two types of diagrams which contribute to -elastic hadron-

deuteron scattering in the high-energy‘diffraction theory.

[see Eq. (1.30).] (a) Single scattering diagram; (b) double

:scattéring diagram. Another single scattering diagram with

.proton and neutron interchanged also contributes to the

scattering.

The various processes which contribute'to charge-exchange

' séattering-by the deuteron in the case of a positively

charged incident hadron of isotopic spin 1/2.
The double charge-exchange process.

Thé total'and absorption cross sections for antiproton-

- deuteron scattering. From Franco and Glauber (1966).

The contributions to proton-deuteron elastic scattering from

the single and double scattering terms in the region 15 to

20 GeV/c. From Glauber (1969).

The elastic proton-deuteron data of Bennett et al. (1967),

showing the absence of a dip in the "intermediaté” region of

momentum transfers.

Comparison of the theoretical calculations of Franco and

Glauber (1968) with the proton-deuteron elastic scattering

“experiments (a) at 1 GeV by Bennett et al. (1967); (b) at
2 GeV by Coleman et al. (1966). |
 Comparison of the theoretical calculations by Alberi and

Bertocchi (1969b) with the " -deuteron elastic scattering
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déta_at 895 MeV/c of'Bféda@énte et al. (1968). The dashed
‘ éﬁrve corresponds to a pﬁre S-ﬁave dégferbn wave function. , .
The solid curve takes .the D wave into;accdunt.
Fig. 1—9;":C§mparison of -the thebretiéal calculafions of Michael énd
| | Wilkin (i969)-;solid chives-fwith théﬁaata of Fellinger
et al. (l969)—-upper threé Curves»-ana.ﬁradaménte efval;
(970). o
Fig.f1—10; Diagram éorresponding to the contribution of an inelastic
" intermediate state for elastic‘scattering.
Fig. 2-1. . Reggeon exchéngé diagram for X;Y 'elaéfic scatfering, which
is governed by Pomeranéhﬁk (p) éxchénge; | |

Fig. 2—2.: Graphical répréséhtation of the Gla@bgffééries for hadroh'

~ (dashed line)~;deutefonvséattering;..(a)>and (b)  impulse
': terms§ (c) éclipse terﬁi Thé any lineé are Regge poles, | '
the solid line the érotdn and the d§t€édvline the neutron. ' |
Fig. 2-3. General Feynman'gfaph férbtwb-ReggeénveXchange in‘(quasi)
tw6~body scaftering. The b;obs nmay have complicated |
‘structure; | _
Fig. 2»&.> -(a) The simplest Feynman graph which has a Regge cut; (v) . |
redrawn.for hadron-deuteron scatteriﬁg; | v ;
Fig.-2—5;, Triple scéttering Feynman graphs whiéh:appear in the Born » |
‘series for the Glauber eclipse term. ;
Fig. 2-6. Tﬁe virtual dissociation 4d ian fbr imaginary momenta of
the three particles. The length of a Qector is proportional

to the mass of the corresponding particle.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or :

B. Assumes any liabilities with respect to the use gf, or for damages
resulting from the use of any information, appératus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission"’

includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the

- Commission, or employee of such contractor prepares, disseminates, or pro-

vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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