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| Asymptotic behaviors for electroproduction of one hadron in the
limit of- q2 - . (spacelike) with (laboratory energy)/q fixed large
'are derived by means of the Bethe-Salpeter equation which takes account
~ of tﬁe veétor propérty of the photon. |

. /'\

Work supported in Dart'by the u. S Atomié Energy Commiésion undér .
Contract AT(ll 1)- 68 of the San Franc1sco Operations Office, v. s.
Atomic Energy Commlssion, and in Dart by the U._S Air Force under
Contract AS-AFOSR -68-1471,

On leave from the University of Tokyo, Japan. Present address. thsics

Department, Columbia University, New York, New York 10027.



I. iNTRODUCTION
The structure functions of inelastic eleétron—nucleon scattering
have become of considerable experimental and thedretical interest.
Bjorkenl) has put forth a conjecture called a scaling rule on the asymp-
totic behaviors of these functions in accord with the experimental measure-

2).

Combining his conjecture with Regge asymptotic behaviors, Abarbanel,
3)

ment.
Gbldberger, énd Treiman™’ have argued that the Pomeranchon in the Regge
asymptotics also dominates in the Bjorken limit4) with 2mv/q2 fixed
large where qe and vV are the squared four-momentum and the laboratory
energy of the photon, respectively. This line was subsequently.pursued by
Drell, ILevy, and Yan,) and also by Altarelli and Rubinstein®) in the ladder
approximation to the generation of Regge particles. It was thus argued that
the*scaling rule is derived from the Pomeranchon contribution. It is,
bOWevgr,-believed according‘tb'recent_developments in hadron physics that
the Pomeranchon is generated by & mechanism entireiy different frcﬁ that
for the other (ordinary) Regge trajectories. The ladder approximéﬁibn
would be poor for the Pomeranéhén so that some doubt may be cast on the
'q2 dependehce of the structure functions at high energies, while it will be -
Ia fair approximation to generating the p-, the f-, and other trajéctories.
- On the'expérimental side) people are now plenning to measure individual
hadrons produced in electroproduction’processes.
| We are thus motivated to look at the two-body electroproduction pro-
cesses (like' e+ N=e+ N+ n) at high energies with a large '"photon
mass" in the ladder approximation to the ordinary Regge trajectories. We ‘
'Shali use the parametric representation of the solutions to the Bethe;

Salpeter equation with a scalar particle exchange which takes proper




accoont of the vector propertj of the photon. Iﬁ-contrast to the virtual

‘Compton soattéring with highly virtual photons, we have no chance to make
n use of cﬁifént algebra techniques in processes wﬁeré‘only the incident is
highly viroual. dur approach using the Bethe-Salpeter equation would‘there-‘
fore make mucﬁ sehse} We shall discuss the validityvof the present model

and make a few comments in a final section..

© II. SOLUTION O BETHE-SALPETER EQUATION

We begin with the Bethe-Salpeter eqﬁation,of scalar rungs as shown in

Fig. 1a,7)f '
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The solutlon is not obtained explicitly, but it is known to satlsfy the

Iy
B

following integral representatione)
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where the‘sPéctral function ¢(y,z,7,t) does ggg depend on any of s, kl?

2., _ . :
and k,", but on t. The function @(y,z,7,t) satisfies an integral equa-
tion ' ’ | : ' '



' 1 1 Is'e)
@(y,z,7,t) = (1-y) 8(y) + A [ ay' { dz' [ dar' K(y,z,7; ¥',2',7"; t)
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wmere  R(z,2') = (LF2)/(1F2)  for 22z, (6)
and  o(z) = o - % (1-2°) ¢ | . ' (7)

We find from the analyticrproperty of the kernel that:
(i) &(y,z,7,t) 1is singular at y = O 1like [(1-22)/y)a(t)+l, if avRegge
pole exists at £ = a(t); ) |
(11) 1t is regular elsewhere in y and z for y € [0,1] end z € [-1,1];
(i11) it falls off rapidly 1ike 7-1 as y = ®.

'Tq construct the electropionproduction amplitude'out éf f(kle,kag,s,t),

we add one more rung, affix a photon line and a pion 1iné to the extreme

endsv(see>Fig. lb), and supplement the Born term and & possible seagull

term.

IIT. EIECTROPIONFRODUCTION AMPLITUDE

The two invariant matrix elements are defined as

(q;° F)

l (¢, * ) |
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where ¢ = -(ql'-qe)e, vV = '(PlV ql)/m, and q22f= -mﬂe. The ladder

diagfam for the electropionproduction leads us ﬁo -

- 1 1 1 . s
M(a,5vt) = - Jax fay [ az [ a (3) (1%)° (- 2(1-y))
L : o o] -1 o- '
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where x is a new parameter introduced throunh Feynman parametriz étion.
The crossed'ladder~diagram is obtained simply'by'interchangingvpl anq Py
flippingithe signs of q, and q,, and replacing ié'bys-ié. i |

In ‘acéiordance with the remark in Ref. 7, ﬁhe'sé' am‘p"li.tﬁdesv may be
thoﬁght éf'as electroproduction amplitudes of the.hucléon target averaged
over spin. Another remark is that because of tﬁe épprdximation we choose,

the'amplitgdés, as they stand, do not satisfy the gauge invariance in

- general. We'have therefore picked up the gauge invariant_terms alones, -

In the high energy limit of v - @ W1th q12 fixed,AMi.and Mé-

alt) |, . va.(t.)_-l

exhibit the usual Regge asymptotic behaviors of v
respectively.. In fact, by replacing sy/(1- z) by a new varlable, we i

find that the Regge behaviors are factored out of Ml and bb Now we go.
to the linit of q° ~ @ with 2mV/ql fixed la.rge.'v Watching cerefully

the function Q and keeping in mind the a.na.lytic ‘properties of ¢(y,z,7,t)



listed in the previous section, we replace the variables (s/ql2)y/(l-22)
and qu2 by new variables 7 and &, respectively. We then find the

Regge behaviors in the variable s/ql2 or 2mV/q12. Their leading terms

"o
are glven as
a(t) b
1 2mv : . i
Mo~ o8t = (- e (12) ?
_ 1 2 2 : : i
9 9 /- |
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© @ 1 @ 1 S -2
By(t) = -J at [ an [az [ ar (3) (1-2(2-y)) X(z,7,t) (R-1€) " , (14)
o o -1 o- , 4 :
S e o 1 o ' )
By(t) = [ at [ an [az [ ar x(z,7,t) (R-ie€) , - (38)
o o -1 o-
R= 7+ (-3 (29 t) + £[3 (1) - (1-2) ] ; (16)
where X(z,};t) is defined by the relation
. | a(t)+l g
By,2,7,8) ~ [(2-22 )/y] X(z,7,t) . (17)
Adding the crossed ladder gives the correct signatures to Ml and Mé. -Non-
leadlng Regge terms are also obtalned in the same way.
L.
The asymptotlc behav1ors M, and M, given in Egs. (12) and (13) are (
‘rewritten in terms of tne transverse and longltudlnal cross sections , ‘ Q/

defined by Handg) as

4 2a(t)-2

g 2 1 onv .
4z L ¢ w202
dat OL q'l ,V,t) I (-—5) (——2') . » (19)




seems to hold for Wl and W,

as q12 - o with 2mv/ql? fixed iarge. The trajectory a(t) may be o
any orainary‘trajectory, but not the Pbmeranchuk‘frajectory, for khich
the whole célculation would be doubtful. . -

| I one’ connects our amplitudes by onitority,,one_woold obtain the

lower bound of the two structure functions W, and W. in the inelastic

1 . e
‘eleofroproduction,‘ With the usual definitions of W, and W,, we find
R 3 oy 2(0)-1 omv1~L | |
wy(e%,v) 2 (‘75) (——5) . [lOgv“js] ’ (20)
: 4 ql bl o
5 13 Pmea(o)s T S SR
w(a5v) 2 () [ |l =S| . (2a1)
2 ~ 2 2 2 v
T\ \e S -

where the right-hand sides are the lower bounds obtained by unitarizing
the electropionproduction amplitudes. Experimentally, the scaling rule
5 8O that our M; end M, do not contradict

with them.

IV. COMMENTS

In the preSént'modelowé have not taken account of momentum depen-

dences of‘the'vertex function. It may change our conclus1on on the ql2

.dependence by the amount determlned by the ‘momentum dependence of the

vertex functlons. There may‘be some other reasons to choose. constant

s .10
vertex functions,- ) but we shall present here a new argument in favor
of a constant vertex in the case of scalar hadrons. The three-body scalar

vertex is defined by a vacuum expectatlon value as

_ipx+i
fatedly e Y (0 0(g,(x) g,() 9, (0))] 0

| “ %(%2) a(m,%) Ac(pca) I‘(pa?Q pb?, pce)" ’ (22)
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where p, + P, + P, =0, and A(pg) is a écalar-mesonipropagatér. To
avoid complications, let us assume that ‘P(paeg pb2, pc2) is totally
symuetric in pae, pb2, and pce. The argument goes through in the asymme-
tric cases too. In the limit of (pc)4 = - (pa-i-pb)4 - o with 5; + §£
and (pa)u fixéd, we can use Bjorken's technique. The left-hand side of
Eq. (22),£urns out to be of the fourth péwer of v(pc4)-lff ih fact, the-
coefficient of (pc4)_l .Vaniéhes because of canonical qémmﬁtation rela-
tions, the:coefficient of (pc4)-2 vanishes on the aésﬁmption that |
(0 |¢(x)|-0)'= 0 _fOr any field describing a physical pafficie,-and the
coefficient of (pcé)-s. drops also as a cbnsequence of eqﬁatiohs of
motion in which'the source functions do not involve a deri?ativé of g.
Thereféfe,,comparing both sides of Eq. (2?), we deduce |

P(p@z, pb?, pc2) -~ const. _ ) »(23)
as pce_; qb' with pa2 fixed. Repeating the samé’argumént‘in‘different
| limits, we find that F(paz, Pb2’ pce) behaves like :a constant in all
limits. vThis implies that a constant vertex is é good eprroximation as
far as the:asymptotic behaviors are concerned, The q2 dependence in the
low q2 regioﬁ will be naturaily unreiiable. The‘argument’giveﬁ above
indicates that multiplying -damping form factors at each vertex may be A
quite misleading.v'The electromagnetic form'factor would not fall 6ff s0
rapidly as  (qe)f2 when one or two of the hadron lines attaching the
phoﬁbn line are off the mass shell; In mﬁre generai caseé where hadrbns
have spins and derivatives of boson fields enfer in the interaction
Lﬂgrangian, the argunent may not go throuéh exactly in the same way.
We have.prgﬁénted this argument to make less unreasqnable the assumption

of constant vertex functions.

&

—~z»
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The other comment is in connection with finife energy sun rules. We
have found that the contributions from ordinary trajectories do not fall
off so”rapidly as the electromagnetic form factor as 'q12 - . It was

11)

argued bvaarari in the case of the virtual Conﬁton scattering that
the contributions frem ordinary trajectofiesfmust fall off ravidly to be
consistent with finite energy sum rules. The idea was as follows: The

finite energy sum rules connect the low-lying rescnance contribution in

the s- (and ﬁ-) channel to the Rezge contrlbutlono in the t-channel.

O

. Since the electromagnetic¢ form factors of transitions vetween low-lying

resonances are expected to fall off rapidly, the ReSbe residue in the
t-channel also must fall off in COnformity with them. However,.we are
able'to-avoid this difficulty in the following way. When-ﬁe write a

finite energy sun rule with the upper bound of the integral being-‘vcut,
we choosev an /q12 to be a large finite number, say L, to assure the

dominance of a few leading Reege trajectorles.. For a small value of'qle,.

Vc t ql L/Qn is not very lalge. But, as qle' increases, we must

choose‘larger and larger values of Vv in order to maintain the samxe

cut

accuracy for the finite energy sum rule. Since s ~ 2nwv, higher reso-

nances contribute to the sum rules nore and more as VCut 1ncreases.

The transition form factor from the nucleon to higher resonanoes may b°

"well expected to damp mildly enough to be con51stent with cur predlctions.

In thevother way around, if one increases q2 alone with cht fixed in.
the sum rules, exchanges of lower Regge trajectories“oecome nore and more
1mportant 80 that the q2 dependence of a single Reg traJectory does not

describe. that of the whole amplitude.
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In conclusion, we feél that our results of the asymvtotic behaviors
of electrdprOduction amplitudes may hold in more realistic cases although

they are derived rather in a simplified model. They will be tested by

experiment quite soon.
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FIGURE CAPTIONS

Fig. la: _Iadder'diagram of Feynman amplitude for hadron-hadron scattering.

. 'y
Fig. lb: Electropionproduction process. v
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