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Differential Cross Section for Charged 4, Photoproduction Using
the Regge Exchange Formalism*

K. KikrkawAf
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627

AND

B. HALE
Department of Physics, Rochester Institute of Technology, Rochester, New York 14623
(Received 30 June 1969; revised manuscript received 20 October 1969)

The Regge-pole formalism is applied to the calculation of the differential cross section for 4;* photo-
production in the region |fmin| <—¢< 10u2. The p, 41, A1-daughter, 4,, and = trajectory contributions
are considered, and use is made of chiral dynamics to estimate the unknown coupling constants. We find
that the r and the 4, trajectories provide the dominant contributions.

I. INTRODUCTION

HIS work was motivated by an experiment on 4,

photoproduction now in progress at the Univer-
sityof Rochester.! We present a calculation of the
differential cross section for charged 4 photoproduction
for the small momentum transfer region (—{<10u?)
making the following assumptions: (1) The p, A4,
A;-daughter, A5, and 7 trajectories provide the dominant
contributions for —f<10u?; (2) the residues can be
approximated from the Feynman amplitude residues;
(3) the coupling constants g;a,, (where i=m, p, 4;)
and givy (where i=p, A;) can be estimated using
“chiral dynamics”?; (4) the 4;-daughter residue is given
by the conspiracy relation® g +35igie— V¢, as
t—0.

The approach is first to estimate the relative contri-
butions to the differential cross section of each of the
parity-conserving helicity amplitudes in the ¢ channel
(NN —+y4,1). To do this we examine the kinematic
singularities prescribed by Hara and Wang* and
consider the Regge behavior s* of each of the trajec-

“tories contributing to the amplitude. To the important
amplitudes in the region® —fnin< —1<10u? (essentially
the helicity-nonflip amplitudes) we apply the Reggeiza-
tion procedure of Gell-Mann ef al.5 We approximate the
residues by comparison with the /-channel Feynman
amplitude residues—in which the unknown coupling
constants have been estimated using chiral dynamics.

*Work supported in part by the U. S. Atomic Energy
Commission.

f Present address: Department of Physics, University of
Wisconsin, Madison, Wisc. On leave from the Department of
Physics, University of Tokyo, Tokyo, Japan.

! Preliminary data are not yet available. The group working on
this experiment includes H. Behrend, F. Lobkowicz, A. Wehmann,
and E. Thorndike.

% See the Lagrangians given in Egs. (2.10) and Ref. 10.

#See G. Cohen-Tannoudji, A. Morel, and H. Navelet, Ann.
Phys. (N. Y.) 46, 239 (1968).

4 L. L. Wang, Phys. Rev. 142, 1187 (1966); 153, 1664, (1967);
Y. Hara, bid. 136, B507 (1964); see also J. D. Jackson and G. E.
Hite, bid. 160, 1248 (1968). :

% tmin is the value of # for which |cosf;| =1; fmin= — M2M 4%/s2.

¢ M. Gell-Mann, M. L. Goldberger, F. E. Low, E. Marx, and F.
Zachariasen, Phys. Rev. 133, B145 (1964).

We estimate the ga,4,4 from the 43— pr width and
the g4onn from some recent work on the 4, trajectory
in 7 photoproduction.”

Our results indicate that of the trajectories considered,
the = and the possibly the A, provide the dominant
contribution to do/dt at small momentum transfers.
The A, contribution depends critically on the ga,ww
and the ga,4,, coupling constants. The results which
we present can be easily modified for other values of
these couplings.

II. FORMALISM

We are interested in the differential cross section for
the s-channel process yN-—NA;. The {-channel
process NN — yA; we designate by a-+b— c+d, where
a, b, ¢, and d also represent the helicities of the particles
in this channel. The kinematic-singularity-free parity-
conserving ¢-channel amplitudes g,,* are as follows:

et (ls) = frut(t,s) Kt (1), (2.1)
where

Fut(ts)= fvd; abt( "‘)X+)""77c7ld(_)s°+s'if;c—d: a (2.2)
and
fcd;abE (Cos%ot)_lH—”] (Sinéet)_n—“lfcd:ab}

A=a—b, u=c—d, km:max(])‘[’“‘[)-

(2.3)
(2.4)

K»,%(2) is a factor containing the kinematic singularities
in ¢ as prescribed by Hara and Wang.* The unpolarized
differential cross section for yN — NA;is

do 1 :

= >
At 16p2s ot

. lfcd;ab(t,s) ! 2, (25)

We list the 12 independent {-channel amplitudes fy,*
in Table I, together with the possible trajectory con-
tributions consistent with assumption (1). We also
indicate the behavior near t=0 as determined from
Wang’s kinematic factor and the ¢~ tmin dependence of
the cos36; sin3d, factor which multiplies fy,* in do/dt.

7K. Vasavada and K. Raman, Phys. Rev. Letters 21, 577
(1968).
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TasLE I. The parity conserving amplitudes and their behavior for small £. 4:-D is the A, daughter trajectory and = is the trajectory
conspiring with the pion; M a, M, and u are the masses of the 41, nucleon, and pion, respectively.

Behavior of

Ampli- Dominant  Trajectory Behavior near ¢=0 cosf; sinf,
tude parity  contributions (from K),*) for t=tmin Estimated behavior for small ¢
Joot (-=) p, 42 const const s, 5A2
M A2\ 12 1\12 M a2\ 112 s\ 12
Joo™ (—)yn m, A1-D — +c<— const ~f— s“A1—1+c(— sar
t u? ul
t tmin \ /2 t—4tmin
St (=) o, 42 const ~ sdp a2
M?
; Cyrn . MAz)uz (,_,mm v t—tmm)MAz:Ix/z
10 - Al —_— ~ $AAL
¢ M2
t"‘tmm vz N t—tmm
Sot (=)’ p, A2 const ~ sap, 42
M2
”'2 1/2 t—lmin vz g (t - ’mm) 12
R R = ~ or
¢ M 2t
t 1/2 #2 1/2 M'Z 1/2
f1_1+ (_)J 0, Az’ Te E +6, — const ~ H‘; §p, A~ 1+C/ —— sar—2
t t
S1a™ (=)t A, const const ~searl
t—Itmin/ s \? t—lmin
Jo2t (=) p, 42 const — ~ s, 42
1142 So M2
Joo™ ( )-’*l ”'2>”2 t—tminf s )2 t—tmin .Uv2>”2
0-2 — T _ —_— ~ — sam
i M2 So M2 12
¢ 1/2 l‘2 1/2 t—tmin 1/2 ¢ t—tmin 1/2 3 1/2 Mz 1/2
St (=) p, Az, me — ) (= -~ — ) seariyg —) ser2
M? ¢ M2 So M2 M? ¢
t—tmin\V% s t—tmin\ /2
S ()R Ay const -~ saar1
M? So M2

The conspiracy relations for 4, photoproduction are?

that foo%, fiot, and possibly fo-1* will dominate the
cross section for small .

Jor+3ifi—Vt, (2.62) The = contribution to f,.1~ can be neglected because

~tifut— /L, 2.6b) it is zero at /=/min and because it is roughly w/ M2

and JoFifut =/ (2.6b) smaller than the = contribution to | foi~| 2 for small £.5
VN The A, contributions to figt and fo.17 can present

Jourtifut— /1 (2.6¢) special problems since we have no information about

Since the scalar particle does not contribute to the fi5~
amplitude, a conspiracy of the type (2.6a) is not possible
for the pion. [In this case the pion would conspire with
a Regge pole which has ¢(0)=a,(0)—1.] In Table I we
have assumed the conspiracy relation (2.6c) for the
pion. (In this case the pion conspires with a Regge pole
which has the same spin but opposite parity at {=0.)
Using the Regge behavior, sxi(t~0—2=_ for contribu-
tions from the ith trajectory, we estimate the contri-
bution of f,* to do/dt near {= 1. (See the last column
of Table I.) This preliminary examination indicates

the helicity-flip couplings. However, these contributions
will be multiplied by sin%, in do/dt and will therefore
be zero at !(=tnin. If the helicity-flip couplings are
comparable to the nonflip couplings, the 4, contribu-
tions to figt and fo.s7 will be at least an order of
magnitude smaller than the 4, contribution to fo™ for
the range of ¢ which we are considering.

To get some feeling for the size of the p contributions,
we have assumed £,4,,=gp4:176**F7(0.4 o)A 18'p4%€5:5

8The F eynman-diagram calculation (assuming the ‘chiral
dynamics”) gives zero for this amplitude.
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and £,yy=igvNvy,eN -o¢+igrd,(No*=N -9,) and esti-
mated the p contribution to fis" using a rather large
value of g,41,(=1); gv=3 and gr=3(up—pu.). We found
that this contribution to do/dt was approximately 10~2
that of the pion contribution to fo~; the p contribution
to foot was of the same order when compared to the
pion contribution.

Therefore, neglecting the fo.,* and fi5" amplitudes,
we assume

do/dt~(1/16mpss)

X (| fos™| 2+ for™|>+% sin®0| fio™[%), (2.7)
where
(1+e—11ra,12(2))
f00+(f,s)z1r————————~——-(2a‘42+1)
2 sin(ma42)
A2 1 i
MQE—OO"'““(COS&), (2.8a)
2K ot (2)
(1+e~—17rozw(t)) 1r( )
f()o (f S)~7I'—~ ( OL,.—+1)———‘*‘E0 +a”(COSOt)
2 sin(wa) Ko (¢
(1+e—i1raA1-D(l))
————————2041-0+1)
2 sm(7raA1.D)
Al1-D |
BP0 g grass p(cosdy), (2.8b)
Koi(8)
and
1— -i1raA1(t)) ﬁlOAl(t>
ts)mr——————(204:+1 -
fm ( S) " 2SIn(1raA1) ( o )Klo_(l)
X[aar(aar+1)]2E i+ 41(costy) .  (2.8¢)

Or, @49, @41, and aa1.p represent the trajectories of ,
4., Ay, and the daughter of 414, respectively. The Ey,*
are normalized such that, asymptotically,

/. a 11 _I_l 3
Eoo’“‘ (Ptpt) E()Oa—’ (a 2) (i) (293)
So 72T (a+1) \so
and
’\ a—1
E01+a5<p_p_t>
So
2ol (e+3 a1
X Eqy®— al(et4) /i> . (2.9b)
[ra(a-t+1)]°T(e+1)\so

We take s to be 1 GeV?2.

We now redefine the residue factors 8,4/ Ky, * to be
() and approximate the v,,* by the Feynman
amplitude residues at ¢ equal to the exchanged mass
squared. We also require that the y,,* contain Wang’s
kinematic singularity factors.®

9 Some factors of (¢—M 42 which would be obtained from
Wang’s formulas are not necessary in this case.
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To calculate the Feynman amplitudes for «, 43, and
A exchange, we use the following Lagrangians!®:

Loy =1gnaNyszN =, (2.102)
Lavn=1gaNvuys(3e)N- Ass, (2.10b)
Lawy =M 4,nvN%(9,9,N)- T*, (2.10¢)

Laary=eM 4 €3ij|:MI2A“a"7ri(a,,A wW—09,4 1“j)

(1 8)
rwa,mtAl,urA,ﬂrzAlm], (2.10d)
4%
Larary=36(1+08)€:5(3,4,—9,4,) A1 A, (2.10e)
and
Lagary=(fo/ M 4)e*P1(33A4) (04 A1") Tweijs.  (2.10f)

N, w, A1, Ay, and Ty, are the nucleon, pion, 4;, photon,
and 4 fields, respectively; ¢ is the isospin index. M,
M4, and p are the masses of the N, A4, and ,
respectively.

Using Egs. (2.8) and comparing the residues with the
Feynman exchange amplitudes, we obtain

M4 dogs (t—4M2)1/2
Yo +“A2—4\/—gAzNNfg ) ——s5¢?, (2118.)
M2/ dt (t—M42)
i 1/2
Yoo “”—eﬂ/[AMngN(lf)_( ) s (2.11b)
2M*?

Y19 A =3V2g,
[—AMN 12
X3(1+5)““(MA —t)(-*l——-) . (2.110)

We determine the A; daughter residues from the
conspiracy condition (2.6a). Thus

Yoo AP =3V2gy

dagy (]‘1/12“1)2/]142)1/2 Poar'(0)

Xe(14-5) — .
A Ma: \t) Posroya(0)

(2.12)

For g.yn(f) we assume the form g, yy[1+4A(u? —t)/
#2T™, with g.yn%/4r=14 and X\=0.1. This form gives
a good fit to the p-production differential cross section

10 For a derivation of (2.10d) and (2.10e), see J. Wess and B.
Zumino, Phys. Rev. 163, 1727 (1967), and H. Schnitzer and S.
Weinberg, 7bid. 164, 1828 (1967)

11 This general form has also been used by U. Amaldi and F.
Selleri, Nuovo Cimento 31, 360 (1964).
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100 - -

)

V=12 GeV

do/dt in wub/(GeV/e)?

T
1

1 1 ] 1
.02 .04 .06 .08 .I0

1 1
J2 14 U6 I8 .20

-t in (Gev/c)

F16. 1. Unpolarized differential cross section for
YN — NA; with ga,nv=0.5.

for N —pN at incident pion momenta of 4 and
8 GeV/c. 1214

The f, was estimated by first relating the 4,41y
coupling to the 4smy coupling using partial conservation
of axial-vector current (PCAC). With the substitution
Yu—> €pu/gs, the fo can be estimated from the A, — pr
width. [In carrying out this procedure we assumed only
the AsAyy coupling given in (2.10f). There are three
independent A,4yy couplings which should be used,
and our estimate of fs is lacking in this respect.] Using
g2,2/4r=24 and T(4d:—pr)=~19 MeV, we obtain an
estimate for f. of about 1. For ga= (G4/Gv)M 42/M?,
we use 13.2 and for § we use —0.3.1

Using the results of Vasavada and Raman? on the 4, ‘

trajectory in = photoproduction, we estimate gsenn to

12 The #N — pN differential cross section was calculated in the
same manner as described in this paper assuming that the = and
the 4, trajectory contributions dominate the cross section at small
momentum transfers. The experimental results used were those of
Ref. 13.

13 For the 8-GeV/c data we used the results of W. Selove, F.
Forman, and H. Yuta, Phys. Rev. Letters 21, 952 (1968); for the
4-GeV /c data we used the results of the Notre Dame, Purdue, and
SLAC Collaboration, Phys. Rev. 176, 1651 (1968). This form for
g-nn(t) was used rather than g.yn[14\(u2—2)/u2] (see Ref. 14)
since the latter did not fit the p-production data.

14 See, e.g., R. J. N. Phillips, Nucl. Phys. B2, 394 (1967); J. S.
Ball, W. Frazer, and M. Jacob, Phys. Rev. Letters 20, 518 (1968).

15 H. J. Schnitzer and S. Weinberg, Phys. Rev. 164, 1828 (1967).
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100}

V=4GeV

o

do/dt in pb/(GeV/c)

1 ! 1 1 1
02 04 06 08 .0 J2 14 .16 .8 .20

-t in (Gev/c)

Fi1G. 2. Pion and the A4 trajectory contributions to the differential
cross section for yN — NA1; ga,nnv=1.

be approximately 0.5. This was done by comparing the
Feynman amplitude residue for 4, exchange in NN—yr
[using (2.10c)] to the residue factor of Ref. 7 at
t=M 42 A rather large uncertainty in gsony (==£0.4)
is introduced because we are forced to compare residues
at =M 4,* where Ref. 7 obtains a small slope for the
A, trajectory, and where the results of Ref. 7 are least
accurate: For this reason and because of the crude
estimate for fs, we present the = and A, contributions
to the differential cross section separately.

For the Regge trajectories we use a,(f)= (t—u2)/s,
a,u(t) = a,u(O)—l— t/So, Olp(t) = 054:+ 0.46!/M,,2, ozAg(l)
= 034:+ 1.66t/MA22, &l’ld OZA]__D(l) zOZA;[(O) - 1

III. RESULTS AND CONCLUSIONS

Figure 1 shows the differential cross section for
incident photon energies of 4, 8, and 12 GeV and
—Imin< —t<10u2. For this calculation we used
gaawn=0.5 and fo=1. We find the 4, and 4, daughter
contributions to be negligible so that, in effect, do/dt is
given by the = and the A, trajectory contributions.
Several values of a41(0) between —0.1 and —0.4 were
tried and little variation in the 4; and 4, daughter
contributions was observed.!®

16 Except at #~0 (and therefore only observable when £y, ~0),

the 4, and 4, daughter contributions were about two orders of
magnitude smaller than the 7 contribution.
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Since the 4 couplings are rather crudely estimated,
we have plotted the 4, and the = contributions to do/d?
separately in Fig. 2 using gsenny=1 and fo=1. The
differential cross section in this model for different
values of the A4, couplings can be determined from
Fig. 2.

From the differential cross sections shown in Fig. 1,
we estimate total cross sections of about 5, 2, and 1 ub
for incident photon energies of 4, 8, and 12 GeV,
respectively. Total cross sections of about 16, 7, and
3ub (for »=4, 8, and 12 GeV, respectively) would be
indicated for g4onny=1 and fo=1.

PHOTOPRODUCTION
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We would like to reemphasize our assumptions
(Sec. I) and point out again that our estimates of gaonw
and f, have been"made with some reservations. When
experimental cross sections are available it may be
possible to say something further about the unknown
couplings using a mode] such as the one presented here.
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A. Pais
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(Received 12 September 1969)

The application of Regge-model ideas to high-energy semileptonic reactions is taken up in some detail for
the process v+ — p~4p+4=* (and its electroproduction analogs), and, qualitatively, for more complicated

processes of the sort v+p — p=+p+X1+Xo4 .. ..

I. INTRODUCTION

N the standard assumption of locality for the weak
couplings of lepton pairs,! high-energy neutrino
processes acquire a structure which is well suited to the
testing of Regge-model notions.2 In the simplest in-
elastic reaction, /4N — [4+N-4m, rather detailed
features of the theory become accessible for test in a
striking way. This is particularly true for the neutrino
reaction y4N — p~+N-m, which is the topic of Sec.
II. Results for the corresponding electroproduction
reactions (e or w)+N — (e or u)-+N-+= are obtained
in Sec. ITIL. Certain qualitative features suggest them-
selves also for generalization to more complicated
processes, again with definite observable consequences.
These are taken up in Sec. IV.

* Work supported in part by the U. S. Air Force Office of Scien-
tific Research, under Grant No. AF-AFOSR-69-1629 and Contract
No. AF 49(638)-1545.

1 General implications of locality are discussed by T. D. Lee
and C. N. Yang, Phys. Rev. 126, 2239 (1962); A Pais, Phys. Rev.
Letters 9, 117 (1962); A Pais and S. B. Treiman (unpublished).
[In the last paper the factor ¢ on the left-hand-side of Eq. (18)
should be replaced by d?r/dsdt.]

2 Diffractive aspects of high-energy neutrino reactions have
been discussed by C. A. Piketty and L. Stodolsky, in Proceedings
of the Topical Conference on Weak Interactions, CERN, 1969
(unpublished).

It is a familiar implication of Regge-pole dominance?
for strong two-body — two-body reactions that all
helicity amplitudes for a given process share a common
phase to leading order in energy, where this phase is
determined by the signature factor of the dominant
Regge trajectory. For the differential cross-section
spectrum this entails the vanishing, to leading order
in the energy, of correlations that are odd under reversal
of all spin and momenta (e.g., correlations of the form
ok Xks). Such quasi-T-violating effects first arise only
in an energy order corresponding to interference between
the leading and next ranking trajectories. It is this
“phase” property of Regge theory that we shall espec-
ially focus on here. We suppose that it, along with other
standard aspects on the theory, can be carried over to
weak and electromagnetic analogs of two-body — two-
body strong interactions, e.g., »+N— u+N-+,
e+N — e+N-+n. The experimental implications are
especially rich for the neutrino-induced reactions. Here,
because of the presence of parity-violating interactions,
odd correlation terms formed solely out of momentum
vectors (terms of the kind k;-k,Xk;) are now permis-

3 For definiteness we consider the Regge model to be a Regge-
pole model. In what follows the, reader will find comments at
appropriate places concerning the extent to which statements are
actually independent of specific pole properties.
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