HIGH ENERGY PHOTOPRODUCTION OF THE

!
p AND p VECTOR MESONS

By
JOHN MICHAEL BRONSTEIN

B.A., Illinois Wesleyan University, 1970
M. S., University of Illinois, 1972

THESIS

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Physics
in the Graduate College of the
University of Illinois at Urbana-Champaign, 1977

Urbana, Tllinois

ASTER;

Co0- 1175 - ) 2



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



HIQH ENERGY PHOTOPRODUCTION OF THE

p AND p VECTOR MESONS

NOTICE

This repon was vrcparcd as an nccnunl of work

) d by the Uni G t. Neither the
Umud Statés nor the United States ‘Department of
Energy, nor sny of their employees, nor any of their
of their employ makes

any warronty, express of unphcd or assumes any legal
liability or responnblhly for (he accuracy, completeness

o useful of any pp product or | |

' process dnsclnsed ot represents that its use would not
BY mfrmge pdvnlelyfowned rights. .

JOHN MICHAEL BRONSTEIN

B.A., Illinois Wesleyan University, 1970
M. S., University of Illinois, 1972

THESIS

Subm1tted in partial fulfillment of the requirements
for tbe degree of Doctor of Ph1losophy in Physics ’
; in the Graduate College of the '

n1vers1ty ‘of Illinois at Urbana Champalgn 1977

Urbana, Mlinois
| g

DI ml,‘!‘"’wm nv- -wwq Y\ﬂm“‘”m\"" \"S TJ\“' “’EXTED



HIGH ENERGY PHOTOPRODUCTION OF THE

p AND p' VECTOR MESONS

John Michael Bronstein, Ph. D.
Department of Physics

University of Nlinois at Urbana-Champaign, 1977

In an experiment in the broad band photon beam at Fermilab we
. : ‘ + + - ' ,
observe diffractive production of 2r . and 47 states from Be, Al. Cu and

. . + v
Pb targets. The Zt_rtdata is dominated by the p(770) and the 47" is domin-

"ated by the p'(1500).

We measure the energy dependence of p photoproduction from Be and

'see no evidence for energy variation of the forward cross section in the

range 30 to ‘_1;60' GeV. The forward cross section is conéistent with its
average value do"/dt [0= 3.42%0, 28 ub/GeV2 over the .entir"e range,
‘We obtain for the p' a mass of 148720 MeV and a width of 675460
MeV. All quoted errors are statistiéal.‘ | |
A standar.d'obtical mod,él analysis of the A depen_dengépf the. p and p'
photoproducfion yields the following res'ults.l
r:,/f: - 3.7£0.7

o Jo =1.05+0.18
p''"p :

Our results for the photon coupling constants are in good égreement




~

A : ) 4 - - :
with GVMD and with the e e storage ring results. The approxxmate
equahty of the p-nucleon and p'-nucleon total cross sections is incon-

sistent with the dxagonal version of GVMD and prov1des strong motivation

' for includmg transxtlons between dlfferent vector mesons in GVMD.
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CHAPTER I. INTRODUCTION

Tréditionally when a new energy range becomes available in elementary
particle feactidns a number of the relatively well understood experiments from
lower energics are performed to look for new phenomena in understandable sur-
roundings. In -higﬁ-en‘ergy photon physics this has been 1ess the case than is usual
because of thé interest in the new charmed spectroscopy. However, in this thegis
we preseﬁf data on yector meson photoproduction from nuclear taz"get_s,‘ anal&zed

within .the framework of a standard optical model. Th_is type of work has been very

successful in providing basic information about the p, w, ¢, and ¢ vector mesons in

lqw-enefgy phbtoproduction.
‘ Aéide i'rom operating with high proton momenta (30-180 GgV), our reéults
are now}el in presenting the ﬁrst A (nucleon number) d-ependence analysis of p'
photdprdduct_ic)n. The miw i state we call the ‘p' is also called p' (1600) and p"
in the literatu;'e. We record both‘p.and p' production dufing the same béam
ex;iaosure'in' our apparatus to av.oi‘dvsystem‘atic problems. Be,:Al, Cu,' and Pb
taz"g‘ets are used. .
| "~ We compare the A dependence of p and p' bhotoproduction to determine the

A A , _ .8
relative p and p' - photon coupling constants and the relative p and p'-nucleon
ive p and p' - p . ‘ Ve p. P =T

" total cross sections, parameters of fundamental importance in understanding the

vector mesons ‘and their. relationship to the interactions of the photon. In

particular, our' finding of approxiniate equality of the p-nucleon and p'-nucleon
: A .. ot . . \~ . ’ -

~ total cross sections is in sharp disagreement with the diagonal version of

Gencréliied Vector Meson Do'mi'nanceA(GVMD). We also measure the ener_gy

dependence of forward production of the p from beryllium (.in our new energy
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range) and {find no evidence for energy variation of the forward cross section in the
| _ | range of 30 to 160 GeV.
| - The work we describe hglre represents part of tlhe results obtained from the

’ - first high-encrgy photo'production exéeriment performed in the Fermi National

Ac»ce.lerator Laboratory (Fermilab) broad band photon beam. The 'experimenf

was performéd by a collaboration of éhysicist‘s from Columbia University,

qunell University, University of HAawaii,.University of Illinois, and Fefmilab,

operaiing as Fermilab Experiment #87A [Lee et al. 19 70]A. This experiment was

motivated by a desire to understand the interactions of the photon and its relation-
: shif) té the _vectof l;nesons, and the conviction that high—gnergy photopi;oduction is

both a fertile source of new phenomena and an ideal tesfing ground for our current

theories of the nature .of the photon.



CHAPTER II. THEORETICAL BACKGROUND

A. Vector Mesons and VMD

The way in which high-energy photons interact with hadrons is generally well
described by vector meson dominance (VMD) [Sakurai, 1969]. In 'this thegis we
present data on the photoproduction of p and p' vector mesons-wr;ich is most €asily
discussed and analyzed in the generally successful framework of VMD. This.
a'pproalch is especially natural because tﬁe cofnparative properties of the p and p'
states play important roles in the various vérsidns of the VM D model.

. The photon interacts with hadrons iﬁ two ways;: electromagnetically and
hadronically. For example, when a photon of several GeV energy interacts with a
préton by far; the most likely occurrence is the production o'f an e+e- pair by the

Bethe-]ieitler mechanism. This is a QED process that dis_ap'bears if the hadron is

not charged. If 6ne removes these electromagnetic processes from consideration,

which we do from now on, one is left with a number of hadronic processes with a
total cross section of about i[ZOO that of the mp Cross sect‘ioin. This behavior is

atiributed to the photon virtually coupling to hadronic states; these states then

interact in typical hadronic fashion. The small cross section is due to the

small coupling of the photon to the hadronic states.

The nature of this hadronic component of the photon is suggested by the.

observation thdt neutral vector mesons (p, w,d, p'. ¥, etc. ) are diffractively photo-

produced. The vector mesons are particles with spin one and odd parity, like the -

photon itself. If one thinks of the photon acquiring hadronic properties by
ﬁrtuully coupling to hadrons, these particles are natural candidates. The dif-

fractive nature of vector meson photoproduction is especially suggestive.




Diffractive behavior is common to high-energy hadron-hadron scattering and
is often viewed geometrically as the strong absorption of the projectile by the tar-
get, yie'lding effects reminiscent of diffraction from a black screen.in optics.. The
scatiering amplitude is mainly imagingry (absorptive), the cross section is constant
or at most logarithmically rising with energy, and the scattering is peaked sharply
in the forward direction, with an approximately exponential falloff with -q2
(squared momentum transfer in the scatter). Other diffraétive effects in hadron-
hadron écattering are factorization of the target ana projectilé_ behavior and vacuum
quantum nurlnber'exchange between the target and projectile (t channel). The
pol;rizatioﬁ of diffracted particles suggests s-channel helicity cbnservation
' (SCHC), described briefly in Chapter IV,

" VMD has its origins in attempts to understand the nucleon form factors
[Némbu, : 195_7], [Frazer and Fulco, 1960] and in the analogy between phbton-
electromagnetic current coupling and the c;)nserved currents of the strong inter-
actions [Sakurai, 1960]. .This latter idea ié that véctor mesons exist which couple
un.i;/e.rs;a‘lly fo the isotopic spin, hypercharge, and baryon cux".rents. These
mesons ‘can be identified‘with_ suitable mixfures of the p, w and¢. A for_'mal
statement of VMD that requlires this univex;_sality of coupling for consistency is the

cprrcht field identity (CF1) [Joos, 1967], [Kroll, Lee, and Zumino, 1967).

. 2 : .
- m
RN D o At - (LA 1)
H ZV fv H ]

In the CFI j“em'is the hadronic part of the electromagnetic current, Vp. is the
) ve_cior meson field, rriv is the mass of vector meson V and .fV is the photon-V
coupling constant. The symbol "V" is to be read as any neutral vector meson.

We should note that several other notations for the photon vector meson couplipg
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constant exist. The other popular one is Yy © V/2 and occasionally gYV= 2 (wa) /fV
is encountered. This latter notation makes some of the formulas look simpler (o
is the fine struct‘ﬁre constant), and has the intuitive advantage of getting larger as
the strength _pf the coupling betweep the photon and the vector meson incréases.
When experimental values of these parameters are quo@ed, it is generally as

Y\,Z/4q or fé/‘hr.

The CF1 is for the sum of all neutral vector mesons. At first this included

" only the p, w, and ¢, but as additional vector mesons have been established (p'. )

they are ~included. Also in order to correct certain deficiencies in VMD a spec-
trum or continuum of av(‘,iditionél vecfbr states is hypo%hesized and iricluded in
VMD. We return to these extensions after exploring the predictions of simple
VMD in vector meson photoproduction,

To obtain’ predictions about photon interactions based on the CFI, additional
assumptions are rﬁade in the VMD model. For example, to apply VMD to vector

meson photoproduction, the process is visualized as Qccurring by the photon

_coupling to the virtual vector meson, which then scatters from the target,

exchanging mof’nentum to become a real part'icle (on the mass shell). It is assumed
that the vectpr meson mass (off-shell)_ effectsion the scattering arg small, so that
the pho.toproduct.ion process is the slame as vector meson scattering except for the
vector meson propagator and the photon _vectof meson coupling éiven by fv _
Similarly the ‘coup_ling constant itself is assumed to be insensitive to the mass
squared (qz) of the photon, q2 = 0-in photoproductfo-n, buf other q2 x;egioné are

accessible using virtual photons from different sources. For example, if an e

- . - . . 2 + -
and e collide and annibilate they create a photon with positive q . If the e e




energy was- such that q2 = m‘;', the squared mass of a vector meson of type V, the
photon could m_atAeAria'lize as the vector meson via its fv couéling. The assumption '
ié that fv measured from this process is the same as in photoproductgon. For
the veétor"'mesons studied up to the present time this appears to be at least
apprdximafely true [ Leith, 1977]. We are trying to describe‘ photOproductioh and
- one additional VMD assﬁmption is usually used. This is that the various vector
mesons do not couple directly to one another. Thus a photon cannot couple to a
"¢, for example, which then t'ransforms intoan w as it scatters from the target to
.cont'ribute to w photoproduction. In the past photoproduction experiments involving
P, ;», ¢, ahd ¢ have given no direct evidence of these V—f V! transitions (Vand V!
are different vector mesons). The assumption that these ffansitions are indeed
pegligible is called the diagonal approximation.

: Uéing the above assumptions about the details of photon-vector meson inter-
Actiohs VMD provides the fol}owing predicﬁon relating veétor meson photo-

production and vector meson scattering.

41ra dcr
2 at
fV _

(yN VN) = (VN = VN). | (ILA. 2)

In the above do/dt is the differential cross section for scattering (or production)
and VN - VN (yN - VN) is the notatlon mdxcatmg vector meson scattering (photo- .
productlon) from a nucleon. « is the fine structure constant; t is the squared
momentum trahsfer in the scatter or production and is .a'Lorentz scalar. If Pi

and F‘f are the initial and final target 4-momenta, then t can be defined as follows.

= ’ 2
t= (Pi-P

f) . (IL.A. 3)

. The optical theorem is cbntinually used in simple VMD arguments.
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d 2
Im £(0) = , where =|t]” (ILA. 4)

o‘} is the V-nucleon total cross section and Im f(0) is the imaginary part of the for-
ward scattering amplitude. We can apply the optical theorem to (II. A. 2) to ‘obtain ‘
: the following VMD rcsx;lt for the t = 0 limit of the vector fneson photoproduction
differential cross’ section,'do/dtlo(yN - VN).

do
at

{(yN - VN) = 4_'”"_2

0 16 f
' A%

(1 + aVZ)GVZ. : A (IL.A. 5)

ln‘thé above, avi's the‘ratio of real to imaginary parts of the forward vector
'I meson-nucleon scattering amplitude, not to be confused with a, the fine structure
- coristant.

Mahy more apbiications of VMD exisf, even limiting the discussion to real
Aphotons'(q2,= 0). In the model of vector:méson photoproduqtion, for exarflple, the
outgc_iing vector'mescvm‘_ could recouple to the photon if it stayed at q2 = 0.. This
would be photoﬁ elastic scattering from a nucleon, called Compton scattering.
VMD models Compton scattering as the sum of all such processes for all types of
véct;r mesons. This process can be rélated simply fo the phqton—nucleon total
cross section via the optical theorem. The details and experimentai sucéess of

‘thcse vector meson sum expressions for Compton scAattering and the photon fdtal

- cross section are reviewed in [Leith, 1977}. "They basically come up short of

accountiqg for all of the Compton scattering by 20% when (p,.w, ¢, p") are included. .
L Elementary relg_tidns in VMD necd ov, f\f{ and avfof the vgctor mesons.

One theorctical source fo,;r some useful information is the quark model. For

example, a simple predicétion [Lipkin, 1966] exists for op, the p-nucleon total

- o + - : , .
cross section in terms of ¢ 4, and o _, the  and v -nucleon total cross sections.



g =30  +o ). (I1.A. 6)

op ﬁa’s been detex;mincd by an optical model analysis of p photoproductiqn from
nuclear targets to be in the range 28-30mb by low energy (= 410 GeV) photoproduc-
tion experiments, in. good agreement with (Ii;A. 6). Because we use the optical-
model approach to determining o’p, /(rp we return to this technique in Section C
(and Appendix A). The quark model and w-¢ mixing give a pre'c_iiction for the

ratios of the photon-vector meson coupling constants for the lowest lying vector

~mesons [Freund, 1966], [Gaillard, Lee, and Rosner, 1974].

—_— = === :—= =9:1.: 2 ; 8. (II.A. 7)

_ Except for the ¢ the experimental data follow this ratio crudely. The { is low and

it has been suggested {Leith, 2977] that the q2 dcpendence of the coupling constant
may be becorﬁing importapt: for the y.

Before moving on tvo generalizations an'd extensions to VMD we should
remark that the p alone accounts for much of the photon's hadrbnic bel;avior.
This is not hgrd to appreciate from the sta.ndpoint of conventionalA‘VMD. The o¢
and o¢ arc approximately 1/3 and 1/15 of op so that their photoproduction con-
tribution is supAprlessed becausc they do not interact as reédily with the target.
Beyond'th.at the._ cohpling of thew, ¢, and ¢ to the photon are suppressed relative
to the p, so the photon spequ less time coupled to them. Thus in accounting for

thc tqtal l}adronic interaction of the photon the p alone accounts for about 70% of

the VMD contributions.

-B. Familics of Vector Mesons and GVMD

As we indicated in the last section the low-lying vector mesons (including the

¢') do not saturate the VMD prediction for Compton scattering. About 20% is left



and an obvious ''out" is to assume this is ltaken up by hiéher mass vector mesons,
p‘erhaps‘ quite'wide, not yet seen experimentally. A possibile.model for such a mass
sp\cctrum is provided by the Veneziaﬁo model in Reggé théory [Venez'iano, 1968},
[Shapiro, 1969], and [Bérger. and Cline, 1969]. This model contains an explicit
duality between the s-channel resonances and the t-channel Regge exchanges in

- describing n-u scattering. One consequence of this type of theory is the existence
of lower lying "daughfer" tfajéctories below the first nw resonance trajectory, the
p. Each of these haé a spih-parity 1-minus member, like the p but at higher mass.
This family behavior is also known as a meson tower, when viewed at fixed mass

and counting the states of higher spin as a family or tdwer. This type of model

predicts the folloWing mass spectrum for thg 1-minus p daughters,

m "= mpzl(an +1), n=0,1,2,... ' (IL.B. 1)

with a‘z 2.
Adéitional motivation exists for- creating a GVMD (generalized vector meson
dominance) by the addition qf a épectrum of high mass vector mesons to VMD.
GVMD cz;n give the correct general behavior of photon proces'ses with qz. # 0.
e+e- annihilation 4explores q2 > 0, because this process is apparently dominated
by single phéton exchange. If we consider e+e-‘ annihilations éreating |J.+p.— versus
any hadronic final state, the behavior at large s (center of mass energy squared)
é)f ti1e ratio RV of total hadronic production to p+p.- broduction is independent qf s.
This is complicated by the threshdld of new particle production at (s)% =3.8-3.9
'Gc}V,) associated yvith charm, but abqve and below this threshold RV is flat (both -
:‘numcrator and d.c.nominator go as s-i) [ Feldman and Perl, 197;7]. If R_, is

A%

modcled by only a finite number of vector mesons it must eventually fall as 5-3

- when s is sufficiently above mv'2 of the most massive vector meson [Perl, 1975].
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Thus we nced :-in unboundAcd mass spectrul;n of vector mesons to make Rv constant
at large s. Clgarly if the mass spectrum and photon vector meson coupling con-

';étants of an infinitc number of vector mesons are specified, any behavior can be -
obtained for RV. , In GVMD the Veneziano type mass spectrum of Equation (II.1. 1)

with a = 2 is used. The correct behavior of RV is achieved with the following

relationship between the photon-vector meson couplings in a vector meson family,

(2 2
V. _‘Vz' (IL.B. 2)
f : :

PP

where to be definite we have written the expression for the p famil'y. This relation
is common to all the GVMD models that we discuss.
A basic dis};inction ‘between the various GVMD models that have been pro-

‘ posed is their trcatment of the diagonal approximation generally used in VMD.
Thc earlier models use the diagonal approximation (i. e., do not allow VN - V'N
tran51txons w1th N a nucleon and V and V' any two different vector mesons)
[Sakural and Scluldknecht 1972a, b, c] [Greco, 19 73] We have just outlined how
'thcsc modcls confront e e annihilation experiments where q is positive. At
q2 0 all the GVMD models predict a simple rescaling of the p contr1but1on to the
Compton sum rule that accounts for much of the missing 20% from VMD. At q2
<0a more demanding challenge exists that puts some fundamental constraints on
the model. This qz region is accessible in deep inelastic electron scattering.
This process is,' _like e+eb- a_nm'hilatioh,l thought of as a single photon exchange
proc.css.' 'I.‘he' clectron émits a q2 < 0 photon which the_n interacts with the targct
nuclcon. ‘ In this regime, however, s and q? can be varied indebendently so that
the virtual photon's cross scction is a functio‘n of both s and qz. The challenge to

VMD is scen in the expression for oYT(S. qz) for the contribution via VMD of one
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‘vectox; meson, oYT(s, qz) is the total cross section for a transverse photon on a
nucleon. This can be calculated from the VMD relation for virtual Compton

scatte:ring and the optical theorem [Stodolsky, 1967].

2 2
m . .
T 2 4 T 2
o, (5.4°) e En A oy (ssm ). (ILB. 3)
fv m,, -q .

For ahy finite su‘h of such terms at large -q2 the cross section must'eveﬁtually
go as 1/q4. The e-p scattering data indi(}:ate -'1/q2 behavio:r at laz;ge -qz
[Kendall, 1971].' By using the Veneziano vector meson mass spectrum along with
relation (II. B 2) Vdiagonal GVMD can giveithis behavior if the following relation is
‘satisfied for the vector meson nucleon total cross sections in ‘a"family of vector

mesons,

2 2
O’V m
- P © (ILB.4)
o 2 m_2 ’ . :
P V-

whereﬂto be definite we have written the expression for the'p family.
Non—diagonai models give more freedom in modeling the q2 behavior of
photon mediated prdéesses and non-diagonal terms may be necessary to moc‘i.e'l
some of.t.h'c details of e p scattering (q2 < 0)[Chavin, 1976] or to resolvé some
inconsistencies in the ¢-photon coupling constant experiment#l situation [ Leith,
4977]). Ome such model is that of Fraas, Read, and Shildkneqht‘, [FRS, 19751.
In that model only non-diagonal transitions between adjacent states in the samé
i‘amily;- is allowed. In this model tAhe correct q2 behavior for (-qZ < 0) photo-
processes is obtained by the following reéuirement, which'shogld be compared

with (1. B. 4).

(II.B. 5)
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As the authors themsclves point out, the FRS model of GVMD is only onc of many
possib]q off-diugénul models, - and indeed they feel the nearest neighbor transitions
they consider are an approximation for more general behavior. {[Zalewski, 1977]
has made explicit some of the range of behavior possible in GVMD models with and
without the diagonal approximation. Using the standard relations (II. B. 1) and

(1I. B. 2) he uscs the rcequirement of the proper q2 behavior fc;r q? < 0 (e p scat-
tering) to derive 3 GVMD sum»ﬁles. By spccifying the VN =+ V'N transitions in
different ways he shows t-hat behavior of the diagonal model or simple FRS ﬁo?-
diagonalv‘ model results. These sum rule results fnake explic'ilt the existence of
cou.ntlcss possible dctailea non'—diagonal aséumptions possible in a consistent
éVMb rriocl:el. It'is up to experiments in varidus photoproces:scs to establish the

heéessity and validity of GVMD in its various non-diagonal forms.

C. Vector. Meson Production from Nuclear Targets -

As we havc‘;cén in the last section, 'GVMD, in order to accommodate the
basic bchavior of‘photdr{ initiated hédronic processes over the range of qz both
positive and negative, requires some definite relationships between the coupling of
the vector mesd_ns in a family to the photon and also betwcep the vector meson
‘nucleon total cross scctions in a family of vector mesons. In particular, the
ratios of vector meson-nucleon total cross sections within a family is a good
indication of whether non-diag'onal couplings are required. Historically, two

v methods have been used to_measuré fv, the vector meson-photon coupling‘co‘n-
stant, and cv, the vector meson-nucleon total cross secction. The first method

is to mecasure 'fV in a colliding e+e- beam experiment (at q2 = xhvz), then to use
VMD and the value of fv to extract or from V photoproduction on hydrogen (at q2

+ = 0). The other method involves only photoproduction (q2 = 0), but uses a series
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of nuclear tdrgets to gain extra mformatxon This method has the advantagc' of
bcmg free of many of the assumptions of either VMD or GVMD. We have used the
sccond 'mcthod to gather information on fV and oy for the p and p'.

The p' is a well established broad structure at about 1500 MeV in 1r+1r-‘[r+n-
from photoproduction that is identificd as the second d&ughter of the p. We photo-
prodgce this :statc in sufficient numbers té make .possible a comparison of fp,2/4rr
with fpz/41r -aﬁd o , with op. 4
We explain the technique of extracting f 2/417 and oy from the A (nuclcon
_ number) dcpcndcnce of vcctor meson productlon from nuclei in Appendix A, along
w1th a number of clementary examples of the model and sketches of its dev1at10n
The computational aspects of the model we use are covered briefly in Chapter IV.
The model we usc is called an optical model because some of the approximations
in deriving itfand.its general behavior are reminiscent of the eikonal approximation
in optics. The A dependence o£ the production determines OV and then the nor-

malization determines fV2/4n.

One point about the optical model we use should be stressed here. It is
basically identical to the model used to analyée ali the previous low-energy A
- dependence photoproduction data. It contains in it the diagonal approximation
discusscd in the previous section. When the derivation is sketched in Appendix A
for thc p, for-example, . we explicitly write the contributions to the p scattermg in
the nucleus and at no time do we allow (pN - p'N‘.) transitions or any other vector
meson changing transitions. Non—dxago_nal optical models have be.en‘ derived, some-
of which -becomve mathematically cumbersome. These models are reviewed by
[G.ramjmcr and Sullivan, 1977]. In using the standard optical model for our
anulysi.s‘, we are adhpring to the philosophy in the introduétion of meeting new data

first with established techniques. In fact we find from this analysis an interesting
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result. The diagonal approximation built into the model is inconsistent with
GMVD togcther with our own result on op,/op. Thus a conventional analysis is

decisive in ruling out the standard gencralized model,
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CHAPTER IlI. EXPERIMENTAL DETAILS

A.. The Beam

The photoproduction data we present in this thesis were taken in the broad-
band phOtOl'l beam, located in the Proton East beam of the Fermi National
Accclerator Laboratory (F;:rmilab). The apparétus is that of the Columbia-
.l{awaii—lllinois—Fermilab Collab;)ration, op.erat,ing as Fermilab Experiment #87A.
This beam and apparatus have been described in detail a number bf times; two
é_ourccs likely to be available to readers of this thesis are [ Sarracino, 1976} and
[Cormell, i‘) 76} . ‘ C'crtgi'n detéils are best ;:'overed,in [> Wijanco, 1976}, including
the broportional chambers and track reconstruction. ‘We concentrate heré.on the
4p‘iec'cs of apparatus and details relevant to the analysis at hand and neglect topics
d‘ealing'with th_c many other uses to which this apparatus has been put.

| The proton beam cnorgy for these éata is 300 Ge'V with an average intensity
of 3 X 10'“ protoné/pulse. The pulse length is about one second at approximately
10-second intervals. The beam itself comes in buncheg (called rf buckets) of
less than onL; nanosecond duration.spaced every 18.5 nanoseco.nds, With this fact
in mjnd, all cuunfers cxpos_ed to high rates are counted with pulse widths of 10
,nanosccon.ds.- :'Ifhe bcam is not uniform in time and has many overall modu-
lattipns such ‘that the instantaneous ratc varies widely during the pulsc with
occasional strong spikes. No ;eliable way is kpown to quaptitatively measure the
e_l‘fgc;tivc s;}il_l tiqu of duty factor and it can only be ﬁ;ghitorcd semi-qualitatively
Aanvd tﬁncd to minimize the \;'orst effects by the accelerator oberat’ors. The same
time structure ei;ists in a secondary beam as in the primary (proton) beam.
This means that we cannot cxaminq every interaction in detail and an uncertainty

exists about the quantity and quality of undetected events, measuredasa dcad time.
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The photon boamiis produced in the following way. Protons collide with a
12-in_ch bcryll’iurﬁ turget in our target box, illustrated in Fig. (1II. A. 1), producing
a largc: number :Qf secondary particles of all types. The charged part-icles so
produccd along with the remaining protons are swepf vertically by magnets so that
only ncutral particles can exit the target box fhrough a hple located at 0° (the
o A initial beam direction). Two classes of'pértiéles exit the target box in quaptities
that arc important, neutral particles and muons. The muons form a halo around
the beam that fills the whole area of our detector by the time they reacl.l it, due to
multiple scattering and deflection in the magnets in the rest of our beam ‘li'ne.
Théy are eliminated in two ways. First, large amounts of earth, concfcte, and
steel surround the beam line and sloy(rly ra’ngé out the low-energy muons. Also,
special sljoiler n;agncts, as shown in the beam-line slchefriatic Fig. (IIL. A. 2),
with torr;)idal fields deflect them away from the direction of the beam and our
abparatus. :

The neutral component of the beam contains many types of neutral particles
but after traveiing approximately 450 feet to our detector, the only important -

‘ c_omponcnts that have not decayed are KL. neutrons, and photons, with most of
the power being neutrons if no filtering is done. "The photons originate for the
most part from the rapid decay i'n the prir;lary target of neutral pions which are
copiously produced and decay to two photons. We fil@er the neutral beam to
increase the rela'itAiVQ photon component >by passing ifc thrqugh 105 fee?:»of liquid
dcuterium, the material wi'th the greates.‘t. réfib between h_adron absorption and
' photon absorpt@on.— This filter enhances the photon component over the neutron
cbmponcnt by about a factor of 300 and yields a beam with 99% or better photon
purityf The entire deuterium q;ypstat, which is actually two separate units, is

subjected to a 9 kG magnetic field with additional magnets doy{mstream» of the filter.
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These magnets are vital to deflect charged particles produced as the beam is
absorbed so the beafn rcmains neutral, and'to minimize bremsstrahlung by the
Bethe-lleitler pairs, which would add an undesirable exceés of low-energy photons
to the beam.

The filter system has a number of apertures along it, but these are meant
only to cloém off bcam halo except for the collimators marked COLL. 1 and COLL.
2 in Fig. (II. A. 2). These define the beam size and have five holes that can be
- used, each of which are matched such that the second collimator accepts a slightly |
larger solid angle than the first. These éollimators are‘6 inches of heavy-met
(sintered tungsten) follawcd by l60 inchés of steel and define a solid anglé of 44
X 10_9 sr.

We do nét discuss most of the beam-diagnostic devices in the proton beam
_ and filter arca; however, one set of devices is cgntral to monitoring tﬁe quality of
the photoﬁ bearﬁ. A secondary emission monitor (SEM) located just upstream of
our primary' target measures the proton-beam flux and a Wilson-type quantomcter
at the end of our apparatus rr;easures the photon-beam power. (We shall discuss -
the quantameter in mor'e detail later.) The proton—beam ﬁux does not enter
dirCctI); into a‘ny tonsidcrationS'about the experiment; however, if the SEM is
cqnﬁpared to the integrated quantameter current (Q),_a measure of the beam per-
formance is obtained. An unusually low Q/SEM probably indicates mistuning of
the beam; th_é_ muon background will be hi.gher for é given photon.‘ intensity and the
épectrum of phqtons could be altered. A simple example of thesg problems could
_be failurc to squz-lri.:ly hit the primary target with the proton beam or a collimator
misalignmcnt.' A more dangcrous indicﬁtion is a large Q/SEM. This almost

always means that the deuterium system is not completely filled and the beam will
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have large hadron contaminations, and perhaps be too intense to allow our detec-
tors to operate. ’ An additional deyice in the photon beam allows us to check the
purify of the bcam. A y-attenuator can be remotely ordered to place from 1 to 6
sheets of lcad approximately one radiation length each, into the beam. The shects
arc placed in a magnet for the same reason the deuterium sys;cem is. If the fall-
off of Q/SEM is exponential with increasing absorber, the beam is quite pure, but
if a significant neutron contaminat_ion exists, the falloff will flatten as the lead is
added and the photon component disappears, leaving the much slower attenuation
of the neutrons to dominate. With the cryostat filled and the beam well tuned, no
dc;llatlon from the photon absorption can be observed for 6 radiation lengths of
lead.” The photoh specti’ufn as seen in the specfrpmetei‘ is shown in Fig. (IV. C. 1)

We discuss the determination of the spectrum in Scction (III. D).

B. The Spéctroineter

The spectrometer is shown schematically in Fig. (III. B. 1) and Fi"g. (IIL. B. 2).

Not shown upéfream of the spectrometer is the vacuum pi;;c whic’h brings the beam
into the pit and a remotely controlled 4% radiation length lead target (inside the
vacuum) followed by a hor1zonta1 bending magnet. The spectrometer itself con-
sists’ of a vertical bending magnct and five proportional wire chambers (PWC's)
Thc magnet 1s a modl.fmd BM109 magnet, with a length of 72 inches, and an
A aperturc of 24 inches vertically by 16 inches horizontal. The / B.dl along the
bcam -axis'through the magnet is 595 MeV/c. In our analysis we use an /B . dl
from a field map evaluated at the track position at the center of the magnet.

. The PWC's are of relatively standard construction, consisting of a serics
of alternating high voltage and signal wire pla;xes spaced at 0.25-inch intervals on

G-10 cpoxy-glass frames and held rigidly in a sealed framc with mylar end
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windows. Thus each signal plane is 0.5 inch from its neighbpr énd each chamber
holds 3 planes, labeled X, V, and U. The X wircs are vertical and t'hc Uand V
wires arc albout ii' frcgm the horizontal, the actual angle being the arctangent of
0.2-.' The spacing between wires in a plane is 0.08 inches cxcept for the X planc of
P4 (the largest and last I’.WC‘) in which it is 0.12 inches. The chambers are
a'rranged with 3 upsfrcarﬁ (Po, P14, P2) and 2 downstréam (P3, P4) of the
analyzing ma\gnetj Po qnd P1 are 10 inches by 14 inches, P2 and P3 are 20 inches
by 28 inches, an;:l P4 is 40 inches by 60 inches. Thesc measurements are the
active arca and the larger dimcﬁsion is vertical. Figure (IIl. B. 3) is a schematic
of (.l typical PWC. 1‘he momentum resolﬁtidn qf this system is given very Aépproxi-
mately by Apl/p = +3,5% at 100 GeV with Ap/p directly proportidnal to the
momentum. In our analysis the resolution is modeled in the Monté Carlo using the
detailed _structurc of the apparatus. Helium bags placed between the chambers
' and:in the magnet-aperture reduce multiple scattering and beam interactions out-
' side the target. |
_.The PWC's are read out from the edges of the planes. Each signal wire is

soldcred to a copper strip leading out of the chamber to a connector on the.e.dge of
the planc. Amplifier ce':irds connect into these plugs with_ each plug and card ser-
vicing 8 wires. The card contains electronics to amplify and discfiminate th;e sig-
nal from its eight wires and send the discrimipated signals as logic pulses up a
ribbon‘cablc to the elcctroniqs hut. Each ribbon cable contains 32 signal paths
énd servicgs 4 anip]ifier cards. The amplifier cards also send out a signal if any
w‘irc on ic card goes over threshold. These signals are combined on a trigger |
- mixer card and scnt up to the hut on a coaxial cablé or on'a ribbon cable if the
planc is subdividchinto 4 number of sections each a multiple of 8 wires wide.

This information is used to form a PWC trigger requirement, see Section (IL. J).
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'l"\ig. (I11. 3. 3) Schematic of a PWC. Ior clarity only a few of the trigger

mixers, amplifier cards and signal wires are shown.
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C. Scintillation Counters

The countc'rs are all of conventional design, using 12-stage photomultiplicrs
viewing plastic scintillutor throu’gh lucite light pipes. Most of the counters usc
1/4-inch séintillator, with the exception of A0 which uses 1/16 inch, because it is
in the béam. The layout und dimensions of the counters arc illustrated in Figs.

: (II1. B.vZ),‘ (III. C. 1), and (IIL. C. 2). The counter array in Fig. (III. C. 1) is located
| about 10 inchc‘s, upstream of the target to veto muons and upstream beam inter-
actions. A0 is the counter in the middle. Notice that the trigger counters have a
vertical gap. This gap allows; the e+e- pairs (all very forward) to pass without
g'cx;crating a trigger. This gap lirﬁits our acceptance of high energy, low mass
states prodfxccdﬁ at small angles, sihlply because th(; decay products do not have
sufficient transverse 'm'on‘nentum td reach the trigger counters.

“All co'unlcrs in high rate environments are provided with "after burners. "
This means that.external power supplies are added to stabilize the voltage on the
lqst few dynodes of the photomultipliers so that the resistor divider ti)gt normally
supplies these i/oltages will not "sag'" when large currents are drawn.

Each counter has been platéaucd and tgsted for effiéigncy before installation
and the trigger counters particularly are monitored for efficiency in special runs
where we trigger from upstream muons. All counters have test efficiencies of
99% or better. As a further attempt to monitor the counter performances, the
trigger counte‘rs have their final dynode signals sent up to the hut as well as their
anodc Sigluul_st 1"-’_1‘})ese dynode signals are digi.tizcd for each event and monitored
on-line to ch(;ck for shifts in behavior. "During periods bet\‘vcen ;‘unning when no
beam is available, Co6'o sources arc placed on all the couﬁters‘and ratcs taken

and recorded as an additional test of long-term stability.
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D. The Spectrum Measurement

The ph’otonvspcctrum is measured using th_e spectrometer and the trigger
counters just dc';e.cribca. Bethe-Heitler ei‘e-.pairs of opening angie = 2 mrad are
used for the spectrum measurement. These events are obtained by removing our
usual target and xnovmg in the 4% radiation length lead target mentiongd ¢ar1ier.
The upstream horiioptal bending magnet bends the pairs out into the trigger
counters, and events drc taken if at least 3 counters are on in the trigger counter
system, not all H's ér all V's, and 2 out of 3 planes iﬁ P1 have a trigger mixer |
output. The ‘zefo—degrce pairs have a uniqu‘e siénature in the system and
essentially no baciground. Absolufce n‘orfmaliz‘atioh of the spectrum is not neces-
sary so oniy an‘acccptahce correction mﬁst be made to obtain an unnormalized
spectrum, |

Only vonc recal difficulty presents itself. No single setting of the magnet cur-
rents in M1 and MZ (the first and second magnets) will allow the entire énergy
rgngc to be accepted into ‘thc spcectrometer. Either low-energy pairs aré bent out
of the systcm“or‘high-energy pairs do not get bent into the trigger counters from
the .gap; or both_.: .This means that the spectrum must be measured in two runs
with'different magnet scttings, then the two halves of the spectrum must‘be
mgt_dwd in relative normalization. This is done using the sar\ne method of dead-
time corrcgtion, etc., as is used in Chapter IV for our analysis and the quantam-
cter Q or, aftcrnately, the SEM. The two piecés are adjusted to have the same

+

rclative normalization and then a complete spectrum is available.

-+ E. The Particle Identification System

The particle identification system is shown schematically in Fig. (IIL L. 1)

and its place in the apparatus can be seen by referring to Fig. (III. B. 1). This
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system‘follbw.é the H and V trigger counters which in turn are directly behind P4,
the last PWC in the spectrometer.. Not shown in the figure is a ve.rtical lead
column that fills the vertical gap directly behind the shower countérs. This gap

is left open vertically 6 inches to allow the beam to pass through., Also hidden
from view is the quantameter, shown in Fig, (III.B.1). A six-inch square hole
goes all the way through‘the hadron calorimeter (HC) to allow the beaﬁu to reach
the quantaméter unobstructed, The muon identification sysfem plays no role in our
analysis whatsoever, |

As far as'this experiment is concerned, the oniy important part of the par-
-t>iclc igJentification systéﬁl is tﬁe HC. The shower detector system contaihs 22
radiation lengths of lead which serve the pu'rp‘pse of shielding the HC from elec-
trbmagngtic energy (electrons, positrons, and photons). Thié is only slightly
over one nuclear absorption length so that most of the energy 'of a hadron will
enter the HC, 'whos,e purpose it is to measure the amount of enérgy carried by
hadrons from an interaction., The HC is illustrated in Figs, A(III. E. 2) and (1I1. E. 3)
and consists bas‘icall} of a sandwich of lead and plastic scintillator, with .thé
58AVP photomultiplier tubels (5 inch photocathode diameter) viewing each set of
12 scintillator leaves. There are 20 modules iﬁ the HC altogether but as far as
we are concerned the front 10 are the only ones of interest. Notice the center
counters, laBeled 3 and 8, are only 6 inches tall and are slid out 3 inches each to
leave the 6X 6—incﬁ hole in the steel sl;eets unobstructed,

To assufe reasonable light-gathering efficiency from the large scintillator
leaves, they aré wrapped in aluminum foil under a PVC tape‘li‘ght shield,‘ as is
standard procedure \vith.large counters, In addition, a yellow filter (Wratten / 4)
is placed over the'phototube face. This serves.to filter out the blue and near UV

light that has the most rapid absorption in the scintillator and hence gives the
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largest contribu_tion to a position dependence of light collection, The resolution

" of these devices,  when used two deep, is about 30% FWHM for 50-GeV pions

lKnaUef, li975]'. As wili become clear, we do not use them’in this analysis in a
way that exploits their intrinsic resolution,

The use made of the HC system is only in the trigger,. All ten of the front
HC counter final dynode signals are added together and discriminated by pulse

height to form an 11C energy requirement, which is adjusted to give an estimated

_energy cut in the heighborhood' of 20 GeV. Several effects mitigate against this

arrangement Plxav.ing a sharp energy threshold. ’fhe lead in the shower detector
absorbs a variable amount of energy. -Using only one module in depth in the HC
allows large variations in the amount of energy escaping the réar of the module,
The signal we tr;igger on is pulse height and we:know the energy in the counter to
be related tg'_)'.pullse area, This is aggravated by timing jitter in the cases where

more than-one module signal must be superimposed (this happens for most events),

-Finally, the gains- of all individual modules should be the séme, but in practice it

is difficult tpi_che'ck their gain and they are not. adjusted equally.- This means that
thg sy;tem gives variationé in measured'energy approaching 50% depending on the
counter modules hit by the hadrons in an event. We have probably' not exhausted
the sources of uncertainty in the use of the HC in an energy threshold trigger, but
they .add up to give a resolutioﬁ that is probably 100% FWHM in the turn-on region
of 20-30 Gev. | |

The foregoing discuss.iqn éuggests an uﬁjustified mistrust in the use of the
HC in the triggemr. If we go far enough abo‘ve the HC thres'hol:d'and require the |
tracks in ;an ever.mlt to point to the HC, ev'entually the efficiency of the trigger
should rise aﬁd ourl price is the pnusability of the events triggered in the energy

region where the HC efficiéncy is unknown and varying. .As we shall see in



Section 1V, a comparison of data taken with and without the HC trigger indicates
. 95% efficiency for the HHC above 50 GeV. In return for losing the use of acceptéd
events below that cﬁergy, ‘we are paid back by a rela;ively large number of events
from the bettgr‘acceptance, high energy part of the photon spectrum and a rejec-
"tion of false tf‘iggers from the ' e pairs which can dilutg the good events on our

tapes.

. The Targets

The target properties are liéted in Section IV [ Table (IV. F.2)]. The tar-
gets-are app‘roximatély 2 inches wide and 3 inches high, allowihg some room for
error in pocntlomng without allowing any beam to sneak past them. They sit on a

platfor'm that can be remotely moved vertically out of the beam, Target changing

is not frequent ‘and is done by hand, using guides on the platform to aid positioning.

: ey +
Checks of vertex dlstmbutxons forp—+mww events verify that in the runs we use
" the targeAts. are not signifi'cantly. misaligned,

"G. The Quantameter

The béarﬁ power is integrat.'ed for each spill in a Wilson-type quantameter,
The q‘uantameter abgorbs the beam and is placed after all the -active parts of the
détector. . The performarce and design is discussed by[Harris and Yount, 1974],
based on tests of our pr‘ésept quantameter in an electron beam at SLAC.

The quantameteh éan be thought of as a type of calorimeter. It consists of
44 plales of copper, each 9/16-in. thick separated by a layer of pilre hydrogen

gas.' The galS is-under a 1 kV potential and the ionization is collected when a

photo'n,oxj ele‘ctr'on showers. in the device. 'Thié current is integrated over the
spill (one s_écond) ‘on a p'reciéion current integrator and is encoded and read into

the computer. When properly scaled this number is the charge collected, in
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Coulombs, which is proportional to the integrated beam power., The experimen-
tally determined conversion.fuctor is 416.‘1 ions/GeV, Alternately we can use
the numbér of integfal charges in the Coulomb to write this as 1.500X 1016 GeVv/
Coulomb;

The qhanfameter is a continuously integratir_ig dgvice and due to the ioni-
zation collection time and.the difficulty of gateing the precision current integrator,
the quantameter sees the entire spill, Thus photons coming when the apparatus

cannot accepf d trigger are included in the guantameter response and will indicate

that we have more beam than wzs seen by the rest of the detector as accepted

triggers., Too much beam for a given number of events é.nd a given targét'thick—
ness translates into a cross section that is systematically low, Thus we correct
for this effect by scaling the number of interactions of certain types in our
appératus, both when the detector is ready to accept a trigger and when it is not,
The fréctic;n of interactions occurring when the apparatus is "live" (ready to accept
a trigger) must then be x;nultiplied‘iimes the quantameter reading to get the amount
of beam power \\'fe use to normalize our cross.sections,  This correction is called
both a "livetime c.orrection” and a "deadtime correction' by 'vgrious people who
think about the problem in slightly different ways. The sources of the deadtimes
will be shown in the discussion of our electronics and the livetime fraction is cal-
cula:ted ‘expliéitly in Section (IV.E). We want to emphasize that what occurs during
times when the z}pparatus is dead is truly u.nknowable, only estimates based on
counting rates’ aﬁq the 'a_ssumpt‘ion that the interactions occur similarly whether
the detector is "live' or not can bé used to estimate the livetime fraction. This
introduces a systematic.error tAhat can lowcr.ci'oss-section results and is of
un'knO\‘v'n.magn“itude. Some of our results are independent of overall normalization,

For other results we will quote ratios of numbers for the p' and p as have



35

some previous workers. This exploits the fact that with both p and p' data taken
in the same apparatus and at the same time, systematic normalization errors

cancel out when ratios are taken.

H. Trigger Electronics

In discﬁssing the el-ect.ro'nics we emphasizé the philosophy of the experi-
mental design with sufficient detail to give an appreciation of its operation, such
as event-rate capability and djeadtime generation. .Figur‘e (I1I. 1.1), which is an
abbrevialed ‘scllxematic of the triggering and data acquisition system, may be of

some help in following our discussion of the electronics., The type of events we

’

are tx‘);ing to collect here have 2 or 4 charged particles, all of wh;ch fall inside
.our spectrometer. We wish to avﬁid triggering on.the. copiously producéd Bethe-
Heitler ve+e'- pairs or the muons and debris from upstream ir;teractions in our
béam line. Beyond this 'we have designed a syétem that does trigger decisions
and data re'-adl out quickly to keep deadtime small, but which still allows easy
implementation of new triggérs. To implement tﬁe trigger we require at least 2
t[-acks<outsicie th'e'beam us&ng PWC information and the H, V tri.gger counter
hbdoscope lécqted downstream of the spectrometer. Veto cdunter‘s (called "anti"
or A) arc positioned to exclude events, with tracks outside the spectrometer or
with muons frorﬁ ﬁpstream sources. The "dc" feature of the trigger electronics
allows easy trigger modifications without re-timing and allows us to conveniently
sca,leAtrigg_er‘ ratés during event readout to monitor deadtime_.. : Iﬁ order to achieve
high data transfer rates during event readout, this process-is handled by an auto-
n_mtié system (ACLE) using its own data memory with no intervéntion from the on-
line computer, ‘I'he system can read-in about 200 events during a o.ne-second

bea'm spill, taking about 150 psec for each event. The trigger decision time is
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300 nsec. Chapter IV does not require a detailed knowledge of our clectronics
except for the deadtime correction. For readers desiring a more detailed under-

' style discussion follows, beginning with

standing of the electronics a "guided tour'
the logic gate (LG), a high rate pretrigger for the logic.
| The trigger hodoscopé (H and vV’ coupters) haveé a short cable run to the hut
and‘are discriminated (as are all scintil]?xtioh counters) and formed into a so-
called logic gate (L.G). The B3 counter is not in the LG. ’fo generate a LG a
minimum of 3 counters are required corresponding to the minimum numl)ér that
would be hit b); a Well separated 2-track event. Not all the geometrical infor-
rﬁatioh is used as can be seen by looking at Fig. (I]'I‘.'C. 2)." A LG is generated if
> 1 11 and > 0 V counters fire or a'lternately if >0 Hand > 1V fire. In the argot
61’ the experiment this is called (LXR) > 1. The timef qoinciderice required for the
signals forming this .G must be witiﬂn about a 15 nsec window, thus this 1.G is
sensitive to the highest possible rate zof 50 mI'{z from the 20 nsec rf beam struc-
ture. This L.G ‘si'g'nal is scaled aﬁg the total read by the computer after each beam
‘pulse. Quite appropriately the LG is used to gate the rest of the logic. If the logic
is busy processing a previous LG then the LG is ignored. The number of L.G's
accepted by the logic is scaled and read by the computer after each beam pu.lse.
Let us assuhe th.at the logic is not busy and follow 4\"v‘hat happens when a
LG érrives. l*ifst, several gate signals are sent out to 1:§tch data into registers.
The latch register for all'scintillation counters is part of the logic rack and is a
* total of 8 16 -bit words (enough for 128 counters) called coincidence registers (CR).
The CR's are chAc;ared and then a gate is sent. that opens.ther'n‘ to input data. The
counters have all beén sent through sufficient cable that in-time signals will arrive
simultaneously to be gated in. The gate plus input pulse width to‘t:he. CR's is about

15 nsec so that the resolving time of the CR's is smaller than the 20 nsec beam
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structure, The CR's are gated in groups of 8 so t;lat i.f a gr‘otip of counters arrives
late the gate to the CR for that graup can be delayed, in'steadv of delaying all coun-
ters to arrive when the latest ones do. Infor:‘mati‘on‘ other than scintillatior; counts
is used in the trigger and Aall of it except for part of the PWC trigger mixer infor-
mati‘on is latched into the CR's, |

The other gatesvsent'out when a LG enters the logic are for the PWC sys-
tein, Just as counfer signals are in transit in their cables wlﬁle the LG is being

"stored" in the cable delay coming up to the

.genex-ated, so are the PWC signals
hut, Fach vibf)on cable cafrying 32 channels connects to a register card con-
taiﬁing 32 latchelé which strobe in fhe data oﬁ the cable when the PWC gate arrives.
Duée to the intrinsic time resolution of the PWC its gate cannot positively ‘resolve
one 20 nsec beam inter;/al so that in principle stale hits from earlier intersections
or room i'nuons from upstream can l;e recorded. This effect has beén obser;red

but is not believéd to be important for the data we analyze heré. At the same

time that the I’WQ-gaté is generated, a PWC clear pulse is started anél is delayed
such that the clear is vetoed if the logic gelmgr‘ates a trigger. o '-

) Oné Of;}lei‘ signal is started at this timé and is electronical‘ly delayed by 300
nsec. This is.the strobe signal that fofqes thg logic to emit a tfigger if the con-
ditions'are.sétisﬁed. ~When we encounter it again we will call it the STROBE.

This 300 nscc ;Juring whic;l1 the logic is making up its mind is the logic deadtime
associated with any LG generated when the logic is not alre;ady busy.‘ The trigger
logic is dc. ’[‘hi; means that no timing is requireci in connecting it up so that
Fhanges are ‘cnsAy to.m'akc and cal;le lengths are not critical in most blaces.

The dc fcuturé of the logic is accorﬁplished il“l £lle following way. The CR
outputs latch ;xp the counter information and provide a steady output., These out-

puts are combined in various logic elements or perhaps for some cases such as
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the HC-threShold signal jusf used immediately. We wait for these signals to
fipple thrc.)u\gh éxxy logic elements until the outputs settle down} In this way we
form up to 16 signals from Ain-‘dividual CR bits or from logical combinations and
require that the f;)rmation dglay be short enough that they have all stabilized 300
nsec after the LG was received and the STROBE occurs. These 16 signals are
placed on a 16-channel parallel bus into which "pin logicf' cards are connected.
Up to 16 pin logic'card; can be accommodated on the bus.

Each piﬁ légic card sées the 16 logic levels on the bus lines and compares
the bus lines to 16 requirecments set by jumper wires inside the card. IEach of the
16 lines can be co_mpared to' on," "off, " and "don't care.”" A pm 1og1c is satisfied
if the bus lines agree bit by bit with its internal requirem'ents on the bits not set to
“"don't care." After the pin logic cards have the bus line signals for the few nano-

seconds required for them to perform the compare the system is ready for the

STROBE, which is sent to all pin logic cards. - Any card that is satisfied and is

not pr escaled passes the STROBE out into one of 16 inputs to a ''trigger store"

reglster whuh latuhes a blt for each pm logic satisfied 'md passes on the STROBE

to the output gate generator. If this occurs during a time that the readout system

is not busy we call this a "tx 1gger ' and the event that caused it will be read out
and put on m‘agnetic tape to be analyzed. The output gate generator issues pulses
which block the clear of the PWC register cards and gate the ADC‘s (analogue-to-

digital converters) to reccive signals which have been traveling in long cables up

“to the hut during the logic-decision time.

A number of other things happen at the output end of the logic if a trigger is
gehermcd and the reading of a previous event is not in progress so that the "sys-

tem' is not busy A signal is sent to the event readout syst'em to start the read-

out process. A signal is ‘sent to the CR buffer to store 10 16- b1t words, which



‘- come fo the buffer in parailel from various places in the logic rack. The first

~ word in the buffex is just the 16 bus lines, the next 8 words are the CR's them-
selvcs dnd ‘the last word is the 16 bits of trigger-store mformatmn (TSB). The
'order of bits in the trigger store register associated with a pin logic card is

the nu'mbering scheme we use for distinguishing pm loglc rjequxrements. Thus,

after a STROBIL which one or more pin logic cards has pas'sed to the output gate

generator during a period when the readout system is ready, both the pin logic

7

~ (or logics) responsible for the trigger and the bus lines seen by the pin logics as

well as the CR's are saved in the CR buffer, At this point the readout system

siarts to read t‘he event éut.

- Suppose a readout operétion is'in progress wher_x.a I.G enters the logic sys-
Ctem: A "system busy" signal is sent out by the readout system when it is -wo.rking
- on an event, and this is distributed in the logic rack. In thié case no gate is sent
to the PW(J‘i-egisters because they contain information that is being read out from
the event. in progrtcss.. The system then behaves normally until the pin logic level.
We did not mention preyio'usly'that each bin logic. card is connected to two scalars
that are read at the.en‘d of ea.c-h beam spill, One of these scal_ars counts all
accepted STROBIS for the pin logic card and the other counts o‘nly STROBES
accepted whc‘n.the system is not busy. These scalars are used in the deadtime
‘correction [stj:el.Eq. (IV. E, 8)]. No gate is sent to the ADC's and the CR buffer is
left undis_turbed.’, »Thus thg' logic rack can accept LG's and cycle awéy, scaling the
number 61’ pin logiés thgt ‘pas':l; the logic recjui_remen.t when t_hé readout is in
progress, ‘thus _mbnitoring what is going on during readout (s_y‘s‘tem)_ deadtime.

We hayc one remaining feature of the pir;l logic cards to gxplain.. ‘Each pin
logic card can be connected to a prescalar module that blocks the S’l‘ROBI;-Z output

“"from the card hnlcss the prescalar has counted up to a limit that is externally set
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(limited to a power of 2)., We call this factor PS for p'rescale. Thus if PS is 512
for TSB#M only one accebted event in 512 will be able to initiate a tx:igger. This
PS factor does not affect the scalars connected to the pin logic card;vthey count all
accepted STROBE's, rcgardless of whether the STROBE is then blocked by the
pr}é’scale. " The '}Srescale'is used to reduce the fraction of triggers from a pin logic
that goes at a very high ratebccause- ifs requiremcnts:are loose. These triggers
can be uscful but' th:ey are not allowed to fill the tapes to the exclusion of lower

rate but more interesting triggers.

J. Trigger Definition

Triggefs ére deﬁ;xed by making logical cémbinétions of CR outpﬁts to form
lbus lines, then a pin logic card Ai_s set to test for sc-nf'ne combination of thé defined
bus lincs. There are two extensions to this method, one of-which is the possibility
of adding ini‘orrhétio,n at the bus line level that does not originate in the CR's. The
l~’WC triggér for PA?.. and P3 is handied in tﬁis Way and we describe it ~momen‘cavril.y.
The other complication is the existence of two fox;ms of output from the CR's.
The CR's arc implemented in 8-bit (or channel) modules and we use two differcnt
types. Both have an 8-bit output uscd to load the CR buffer when a trigger is
accepted, how.e"vcr, the outputs to be used in the logic are different. One.type
of CR just'ha; 8 logic voutputAs, one for each .counter' cor;nectéd to it. The othcer
type of CR has two outputs with 4 counters feeding each one. "Ijhis type of output
is a .n)hltilcvel oufput a'ble té represent O'to 4 as five increasing voltage le_vels.‘
‘Th.is multilcvéi output is only accepted by a special logic module called a sum (Z)
module. Up to 8 niul'gilcvcl inputs can go to a sirﬁplc % module, representing up
to 32 countors.‘ The z modulc gives ordinary (on-off) logic outputs through dif-

fgrcnt spigots producing (=0), (= 1), (=2), (>0), (>'1)., and (> 2) outputs. The ¥
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logic outputs have been useé to produce some fairly sophisticated hodoscope
triggers that we ‘do not discuss here,

We néw define the PWC logi'c formed from trigger mixer outputs. Thesc
outputsAarc_brop'ght up to the hut with one signal from each of £he 3 planes of P1
. (the second PWC in the Spcctx‘bmeter). Using standard logié we form a require-
ment that at lcast 2 of the 3 planes of P1 must have a signal. We call this P1(2/3)
and put it into a CR The trigger mixer outputs from P2 and P3 (PWC's that
bracket the magnet ‘M2) are subdivided into bands in each plane and the resulting
signais are brought up to the hut on a 32-channel PWC ribbon (flat) cable. The
cables go vto slightiy modificd PWC register cards where the signals are stored
by a seéarate]y timcd gate, de-rived from the LG signal. Table (III.J.1) gives the
number of 8 Wire groups "(‘ha't composc each of the bands in-P2 and P3. Note that
thc center of ¢ach plane is between bands 4 and 5 and that the subdivision is °

'symmctrical. The PWC rcglstcr card holding the latchéd tr1gger mixer infor-

' Tublc‘(II'I.J.iA'). Plane Subdivision Scheme in PWC‘s P2 and P3. Used to Form
Trigger Mixer Signals. The Number of 8 Wire Groups in L,ach Band Is leen
NC Means "'"Not Connccted: "

: NE 1 2 3 4 5 & 1 8 NC
rz X 4 6 4 1 1. 14 T4 46 4
P2U, V 5 12 4 2 1 1 2 4 127 .5
P3 X - 8 6 1. 1 1 1 6 g8 - -
PIU,,V - 12 6 4 2 2 4 6 12 -

matxon chds dxrcctly to a logic card that produces the followmg logic outputs:
> 0) , meaning > 0 bands on in all 3 planca (> 1) meaning > 1 bands on in at

lecast 2 plancs, (XR), mecaning at least onc band on in the right of the X plane; and
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(XL), for the left of the X plane. (XL) and (XR) do not include bands 4 and 5 so as
not to trigger on particles that stay in the beam region. Using simple "and" (-)

and "or" (4) gates we thén form the following requirement.

, 2 21 | :
PWC (P2, P3) = [0, 0 057 - [@R),, (KR, + (KL, (L))

This logic signal stabilizes within the 300 nsec allowed to put it into the logic as

. a bus line. It 15 "dc'" because the two special PWC register cards have latched

the trigger m.ixér data, " This Alogic counts the number of bands that have
hits and tv«_rb or more tracks in one band still only count as one hit. qu this.
rcaéém, we ﬁiodél the bAchavior of this trigger exactly in our analysis to guarantee
thét‘thc ti;acks .in‘thc data and Monte Ca~rlo both satisfy the tri.ggcr.
We now definc the bus lineé, usca' in 'our‘trigge'rs. .
(a) Bus line #2 '_haAs the 4 AW counters surrounding 1_?1'and .the 2 AB
- 'count;enrs above and belc;w B3 in one £ module. If any
‘ ..of these counters fire, this line is‘ on.
.(b) Bus line #4 ~is PWC, (2, 3) as defined in Eq. (III.J.1). Basically, this
requircs 2 t?acks in the' cha.r_r;bers‘, A.with at least‘one-
v ( out of t'h(: beam r;agion. ‘ |
(c) Bus linc 15 is P1(2/3)..
~(d) Bus hnc {16 1s A0+ Au 4 é). If the A0 beam count_er.fir'cs or if
more than 2 of the halo counters fire'this line is on.’
We have ‘tak‘on data with 3 triggers, but the é.nalysis_ uses only the trigger
z;ssogiatcd with triggcnsto;e #14 (TSB {{14). This is dci"incd by requiring b;xs W2
off, bus #4 on, bus j15 on, Vand bus 16 ?“‘ This is a so-called vdiffractive”

trigger. This is only used to mcan that by vetoing on bus line #2 we have
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required that most of the events have tracks confined to our spectrometer

aperture.

K. Data Collection System

We write our data on 800 BPI 9-track magnetic tape. One run takes about
an'hom;r of "wall time' and fills >a 2400 foot tape. Iﬁ this time we collect-about 50 K
events from appfoximately 350 begm spills, each of one se'cond duration. Thus
we accept 125 to 200 events per second while we are taking data. The computer

: uscd'ir_x the clectronics hut is a Xerox (SDS) Sigma-2. It has 16 K of core memory,
8 external interrupts, a scope display for plots and text and a 3/4 megabytle fixed
hezlld disk (RAD). The computer reads thé scalars after each spill, and writes all
scalars and events on thc data tape, but paradoxically has ﬁo part in event read-in!
'fhe computer performs. a number of diagﬁostic and house-keeping functions and
pi‘ovidcs a range of test systems and outputs which we do not discuss because they
are'not in the direct line of data taking. |
"i‘llc data are collected through a 16-bit parallel digital communications sys-
- tem con.si.sting of "black bins' {bins) and a multiplexer (multi). Each bin is ‘
locétcé at the énd of a‘céble bran‘ch from the ;ﬁulti. The rn“ulti is at the center of
the system and has a number of devices it can communicate vyith. The rﬁulti com-
municates with fhe flollowihg devices:
(a) Sign’la-Z computer via dircct CPU access
(p) Black b.ins
v _('c) ACLE con"c'roller (rcally’a part of '.the multi)
(d) Address bin

(¢) Buffer memory bin (32K X 16 bit)
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ACE is the control unit for automatic event read out. The system would be very
difficult to explain in detail so we .describe its opleration in general terms.

Before the spill starts the Sigma-2 receives an interrupt that warns it to’
initialize varidus devices in the system by communicating through the multi to the
bins. Its last act is to put ACE in control of the multi and from that point until the
spill is overthe Siéma-z is freeto do such things as analyze events saved on the RAD
from previous spills or format bistograms for the display scope. When the spill
starts, a triggef will eventually be generated and the signal will be sent to the
multi to start ACE. ACLE beginé to read in the event by getting addresscs from the
adércss bin and aécessing the data located'at that address. The address bin has a‘
series of nxoduics with switches that define the address of the various pa%'ts of the
event. | Theé address-is a bin number and slot within a bin. Each bin has 31 slots,
with .2 addrgrss'e;s per slot, -and there are 4 bins 'in.t,he system besides the two

dedicated to addresses and memory. Thus the-address bin provides in'sequence -

"the addresses in the system of the scalars and special interface modules from

whiéh the event .ca'n be read. As each word is accessed, it is stored in a 32K X 16
bit buffer mem_éry and a pointer is kept for the next open word in the m;emory.
The word access is less than 1 pscc which is 2-5 t'imes faster than most CAMAC
systcms achievé in practice. This means that for a given amount of information
in an .event,v the deadtime is 2-5 times less than other systemé in common use.
At the exnl(ll of an eyi;ent an entry is made in a table in the buffer memory marking
thé ‘pqs‘ition of t;hg event. The map thus formed is at one end of the memory and
th’e- cv'cn_‘tb‘: are ;tackcd in _from.the other. If the lt\;/o méet, a flag is set and the
rcmuining data are‘dumped to avoid overwriting the event rﬁap.

The lenéth .df an evént 1s at least 102 words, 4this being mostly CR's and

ADC's. A clean two-track event would produce 30 hits in the PWC's (2 in each of
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i5 planés). .Thus @he event length, for ap - n+w- for example, is about 132 words.
Clearly event‘ l-cngths vary depending on _hbw many tracks enter the various PWC's.
When the event is read, the CR's are rcad first, then the PWC's. The PWC's are
read tﬁrough i special system with an "encoder" for each plane of register cards.
‘The re:su‘lt ié a 16-bit word for each hit wire céntaining the plarne number and wire .

number. Two "adjacency' bits allow up to 4 adjacent hit wires to be combined into

. oné address; fhis is a switch selectable hardware option, The ADC's are read last

in the event sb they will have fime to digitize., They digiti'/.:e using a 50 mHz clock
and by the time ,thé first onc is read they have had enough ’Firrie to count to about
400V0’, while slignals aré adjLnété(l' ‘to produée counts no lafger than 1000, |

At'the end of the spill a signal from the accelerator (PRE-DET) is used té

return control of the multi to the Sigma-2 and to interrupt the Sigma-2 to initiate

event transfer. The Sigma-2 reads events from the buffer memory and writes

. them ontape. When this is done the Sigma-2 reads the various spill scalars and

the quantamet”er and puts this information on tape as well as accumulating it inter-
nally. The Sigma-2 then begins accessing the memory for events to be used for
online analysis.and continues this until the interrupt occurs to initialize for the

next spill,
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CHAPTER IV. ANALYSIS AND RESULTS

A. Overview

The.primary results we present are the comparison of the A dependence of
high cnergy p and p' photoproduction. The state we call p' is called p'(1600) and
p' quite commonly in the literature. Additionally,- we present re.sults on the
energy dependénce of p photoproduction. We present the energy dependences first,
in seclions B th;boﬁgh E, as it illustrates how we analyze, bin, and correct the
data for acceptance. In particular, we discuss our absolute normalization in terms
.of these data., "These data were taken with fhe? "diffractive" frigger described in
Chaptcr 111 This‘trigger requires at least two i)articles outside the beam fcgion
" horizontally in 6ﬁr spectrometer and no particles outside the spectrometer.. It
favioxfs diffractive photoproduction ev'epts but the continued use of the name '"'dif-
fractive! should.not be confusedwith the physical process of diffracti.ve production
diécussed in. Chapt'er 1.

The remainder of our analysis, both p and p' A dependence, relies on the
previous discussion of our anaiysis techniques from sectiéns B_thx;ough . In
addition, we use.the qptical Amodel of phqtoproduction from ‘nuc'lei dvevelop'ed_'in
Appendix A. .Thé A-dependence data for both the p and p! were taken simultane-
Ao{usly through a single trigger. We refer to this trigger as the HC-diffractive
txfiglgci‘ because it is idénficaL to tbe, diffractiyg trigger except for the additional
'rcquixjement of.‘the hadrvon calorimétey (HC) enexigy threshold described in Chapter
I_II. Con»xpar%s'oh of dgt'a taken under the dhiffructiveA ahd.HC-diffracﬁve triggers

allows us to understand the systcematic bias introduced by the HC. I‘



B. Data Selection and Reduction for p Energy Dependence Analysis

For the p photoproduction energy dependence we select a sample of data
taken .undcr the diffractive trigger. The counting rates and deadtime are low for
fhis running. The sarﬁple consists of 30 runs collected in an almost uninterrupted
threé-day period. Thus the efféct of long-term beam and :;lpparatus drifts is mini-
mized. The beffylliuln target used was 4% of a radiation length, sufficient to avoid‘
non-target background, but thin enough to avoid problems from secondary inter-
actions.

The data from this running period are on 30 tapes, each of which contains
about 45K events. :Invain.initial cbndcnsiﬁg paés through 'tilese tapes we have
extracted the two-track events from all triggers (as well as the 3-5 track events
for. sepa-i*ate“s;tudy). This and all subsequent analysis is performed on events that
ha’ve passed through a track reconstruction program which does the pattern recog-
Anition to find the tracks and ‘fi.t them, giving momentum and position vectors
[Wijanco, 1976]. . Additional ‘re~quirements, are. made on the 2-track events io
choosc those suitable fof analysis as p candidates. The tracks are required to
have opposite charge and to pa‘ss within 0.2 inch;s of each other at some p§int. In
addit'i‘on, ﬁllié ‘point, the vértex position, is reduiréd to be bet“.re.en 244 inches and
276 inches upstrcam( of the magnet center. .The target is nominally 260 in. up-

" stream of the magnet center. Figure (IV.B. 1) shows the distribution of vertex
posit'iqns al'ong4 the beam line'. The target and the B3 trigger‘ counter are visible
as clearly scpdratgd pcaks. Also shown: on the figure are tﬁe cuts used to exclude
non-target intcructi'ons.' Inspection of thg figure shows that inside the cut interval -
we obtuin "the signal fronll‘thc target with little loss or contamination. After throw-
‘ing out'uxvlinterés._ting_ event topologics using the criteria just de's'c‘ribed, we are left

with 141 K events to input into the p analysis.
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The basic ana"ly‘éis consists of three stages, all done in one pass through the
data. 'Qcometric cﬁts are made on the events to insure a well-defined acceptance
region. Various kinematic quantitigs are calculated and binned for those events
passing the cuts and this information is stored on the computer disk for later use.
The numbers of événts and t.heiAr disposition as well as the scalar rates and total
quantameter réadings are extracted from the tapes and tabularized fof use in
calculating the overall normalization.

The geomctrical cuts are of two types, but both depend upon the survey data
for the Z (bcam) coordinate measurcments of the chambers and counters. For
the devices of interest to the p analysis these positions are known to better than
0.5 incﬁ; One-type of geometrical cut involves enforcing the PWC logic require-
ments. This 15 done by simply making sure that the hits in the PWC associated

with the tracks satisfy the requirements described in the logic discussion, Section

II1. J; . The Z information enters here because the track finding done by the r:e‘c'onA—
struction progrér_n dépends on accuraté'chamber positions.‘ The good track fits
obtaincd are evidence of accurate survey information. The reconstruction pro-
grarﬂ also nceds qffsets of the ‘PWC's from a line in space so it can get géod fits
to tracks. _In’prjactice, tfle PWC reconstruction axis is not well known at survey-
ing tjxne and th.é Xand Y (tran'svcrse to beam) positions are hérder to measure
than the Z positions for most cieviccs anyway. Thus, the second set of geometri-
cal cuts, 'the counter z:md aperture cuts, are made with re;pect to the PWC
recqnstruction axes and are only checked for consisten_éy with the survey dgta.
This is 'done by plotting the position of tracks at thc various apertures and.'é:ounters
and cither noting the position where tracks stop for apertures or where counter
cfficiénciés rcach a platcau. The counters can be checked by vusing the coinci-

dence register data in the events. In this way, efféctive geometrical apertures
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~are obtained which are then reduced by 0.25 inch to 1.0 inch to avoid any edge
effects.

-The apeﬁufes that must be satisfied are the following: vertical beam
opening, and top and bottom of the trigger hodoscope; top and bottom of P4 and all
edges of the magnet .aperture. The PWC logic requiréme‘nts are enforced in P2
arlld P3. These fequirements are already redundant and the PWC requirements
that are invokcd last reject almosf no events. Further requirements of the
apparatus are redundant with these and are not invoked.

| TheA events that pa;s the acceptance cuts are then binn‘efj by t, mp, and Ep.
All three quantities are calculated for the ww pair. Assuming both particlés are
. pions the invariant mass of the pair is mp and Ep is the. energy. To calculate the
invariant momehtum transfer (t) of an event, it is not sufficient to know only the
four__'-momentum.‘of the two presumed pions. t is defined in thg following way:

2

f) s (IV.B. 1)

t= (P - Pp)2'= (P, - P
where PY anlep 'areAthe photon and p four-momenta aﬁd Pi‘ and Pf are the igitial
and final target four-momenta. The information that we know in phbtoproduction
with a broad-spectrum beam ié R, thé incide_nt photon direction, and the p four-
momentum; that is Ep and l-sp. This brings us up short one scalar quantity of
‘ knowing endu‘gli to calculate t. If we knew the photon energy, for example, we
could use the. first part of relation (IV.B. 1). Since we are ihterestcd in the dif-
ijactivé production of the p off a nucleus, Ahowe\'/er, we can as‘s#me that at least
 for small t we iinow t'he target mass M. which is jusf thg mass of the whole

nucleus. This is sufficient to calculate t.

-~

2 ' - e ’
t=m " -2BE(E -k-P)l/41+k-P/M_-E /M) ’ 1vV.13. 2
(m ? - 21 (2 R o/ My - B /M), ( )
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E“=P P +m?°, ' (IV.B. 3)

We should also note that the minimum possible t (most positive actually) is .
achieved whgn l: -‘_P.’p = II—;pI . This value of t is called tmin and occurs for zero-
degrc.e production.

When t, mp, and .Ep hgve been calculated, they are binned in the following

way. The cvent is placed in one of ten bins in Ep from 20 to 160 GeV. The first

6 bins are 10-GeV wide and the 1ast 4 bins are 20-GeV wide. In addition, the mp

is binned in 24 bins from 0.4 GeV to 1.0 GeV. The t is binned iﬁ 60 bins, the first
20 covering from 0.0 to 0.04 (GeAV/c)Z, the second 20 covering from 0.04 to 0.2
(GeV/c)Z, and the last 20 covering 0.2 to 0.68' (Ge.V/c)Z.v Thus we have a data
matrix of 10 ><.-24><60 at the conclusion of the cutting and binning step, which con-

tains 66,852 events, not counting events falling outside the binning range.

C. Monte Carlo

The next stage of the analysis is thé generation of Monte-Carlo events. We

try to model the actual data as closely as possible in'the Monte Carlo in the

-variables we integrate over. By this we mean that the parameters such as those

having ’Fo do with resolution and angula;' distribution, which do not appcar explicitly
in our cross secction, arec summed over and must be well modeled to start with.
The parameterstEp, lfc'l , t, and mp‘are handled explicitly and their distributions
can bg mddificd after the Monte-Carlo generation is done. >Thus in these
variables we cﬁose distributions that approximately model the data-but are con-
venicnt to sample from.

..Thc beam momentum is sampled from a table of specfrum data in 5-GeV
intcﬁrals as it appears in Fig. (IV.C. 1). Within cach 5-GeV interval the energy

is distributed as exp (-0.0256 | K] ), which is an approximate slope for the entire
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spéctrum. 'Noticc that these data and épectrum are for 300-QeV protons incident
on our becam-producing target. In order to generate sufficient events to insure
that the Monte-Carlo statistics after cuts are better than four times that of the
data in most of the region of interest and to avoid really unwieldy data sets, the
Montc Carlo is run in four regions of cnergy. Thesc re'g@ons, in GeV, are 15-45,
35-75, 65-105, ‘and 95-165. Notice that all bins overlap and extend beyond the
region of interest by-5 GeV. These are guard bands so that events that are moved.
in'cncrgy by r.csélution cffcct‘s are gained and lost from eégh bin in appropriate
numbers; this al‘so allows us to bin in EP instead 'of. l ﬂ . In each region 106 K
chhts are gcﬁ'eruted, of which typically ‘50% are lost to apparatus cuts

| Thé t \"alue'is' sampled from a sum of ﬁvo exponentials with slo‘pes of SO.Q
and 7.0 (GcV/c)—Z.‘ -t must be greater than or equal to —tr;.lin-and is divided
b.ctwcen the two. cxponentials in a ratio such that as t — 0 they are in the ratio
(72/9). The .tvy/o distril;utions arec supposcd to represcnt the coherent and in-
coherent scattering and the target recoil mass used is that of fhe berylliuni nucleus
and the proton respectively. The mass m is generated from a sum -of a simple .
-Breit Wigner of constant width I}) and a linearly falling term that gées to zero at
the p mass.

L m_m T m
do - _ T p p +blg T
dm Z

(IV.C. 1)

2 2 2.2
@ (m -m )+m T ) P
o T p :

m . is the generated mass and the sccond term is defined to be zero for m__ > mp.
™ .

We usc-mp = 0.760 GeV and I“p = 0.175 GeV here. bis set implicitly by requiring

that the non-Breit Wigner part of dcr/dmmT be 25% of the total in the region of

generation (0.3 < 'mmr < 2.0). Please note that these parameters are not meant to

- reflect the truc mass or t dependence of the process but are merely weighting
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factors thgt concentrate the cvents where they are needed to match the statistics of
the data and at the same time the parametrization yiclds speedy samples. Fbr
example, a flat distribution in mass is very easy to generate but the total number
of cvents nccdca would be dictated by the statistics; in the p mass peak and need-

' léssly-lafgé numbers of events would be gcncratéd in othc_r regions. This is even
more truc for the t distribution which is so sharply pcaked that the Monte Carlo
must distribute its events similarly to the data or be disa;troﬁsly wasteful.

The intéraction point is distributed uniformly in the target in all three
dimensions, though only the transveArse dimensions are important. The size of
the integ‘uétion'r.egion transverse to the beam is adjuéted to be equal to that secn
in the r.eal data and the beam direction is that given by the average difectioh of
Bethe-Heitler electron pairs used in spectrum measuremc—;nt in runs taken imme-
diately aftér these. The precise beam di;/ergen;:e is bhard to determine and is not
an important cffect, as the beam direction is. - It was sct to be that of a point
source iocated at about our bcarrll ﬁroduction target 5040 in. upstream of the photo-
production target. '

The p —» 1r+1r_ decay angular distribution is known to be s-channel helicity
conécrving (SCHC) from dctailed experiments of p photoproduction in polarized

] photon beams [Ballam et al., 1973]. The decay of a spin one odd parity statle to

tyvo spin zero odd pqrity states is describg::d by a sin2 0 distribution in the decay

center of mas's',about some a‘us _ j‘hc SCI-IC hypéthesis fi.\:gS this axis to be the
dircction Qf the recoil in ﬁhe p rest frame. Since the beam and..tar'get are not
i)olarizcd the i‘ccoil azimuth is' randomly dist.ributod about the beam dircction and
the decay axis in the p rest frame is randomly distributed in éz‘i_muth about the

_ rccoil dircction, This information, then, completely specifies the distribution of

the two pions in the lab frame, when pombincd with some elementary kinematics,
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Arotations and Lorentz boosts to move through tlic various frames where the dif-

ferent parts of the process are described simply.

Y | The Monte Carlo at this point has generated events that can be uscd to model
the physics of the p production and decay, including the beam parameters. In order
to model the effects of the apparatus the tracks generated by the Monte Carlo are
propagated through the apparatus and PWC addresses are generated and sorted as
they would be by the hardware itself. The result of the Monte Carlo is a data tape
written in the samce format as the original data tapes writtgn on-line as the data is
taken, with onc exception we shall explain momentarily. When this is donec,
mu'lti.p-lc’sc"attc'ri.rig' is not incl.udcd as a separa;ce: effect, hO\'ve'ver, the api)earance
of sﬁch things as target vertex distributions which closely match those of the data
convince us that PWC granularity dominates the measurcment error. The magnet

- is modeled by a box field with an integral that varies according to a track's average

position transverse to the beam line as determined from a field map of our magnet.

Becuuse most of the information in the coincidence register block is not used in

the analysis no attempt is mﬁde to project tracks to counters and set the appro-

priatc bits for the counters and bus lines. The geometrical cuts -made at analysis

time on the -projcctvcd track coprdinates at counter planes and PWC's scrve to
enforce the counter trigger requircments. The exceptions to ';his arc the coin-
cidence register bits for B3 (the target counter) and the trigger store bits. B3

and ali trigger store bits arc sct so that when the analysis checks an evcnf for the

target counter and any trigggr type it will be satisfied.

The p analysis ('and'ali qthors we discuss here) makes no use of the ADC

(ungloguc-to_-,digital coxlygrtcr) information in the events. The major difference

between a ;‘eal cyen.t on tape and one generated by the Monte Carlo is that the

Monte-Carlo program makes no attempt to 'place.meaningful pulse heights or
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pcd,cétals in the ADC eveht field, but uses this region to hide two types of infor-
mation for later use.

One class of information is mainly diagnostic and consists of the packed and
encoded output that the reconstruction program would gencrate for the event in
Qﬁcstion for the casc of idcal resolution. Thus, when the Monte-Carlo data tape
is passecd through the z;cconstruction program (just as a normal tape is) we can
check to sce Wh:ll; success the reconstruction program has had identifying and
fitting thg tracks compared to what was generated, on an event-by-cvent basis.
JPor two- tracl\ events thc‘succes:. is 100%, which is not surprlsmg due to the sim-
phtlcy of the track-identification problcrn Ina test run earlier on a clas§ of two-
~ track cvents slightly different than the p in kinematics we have \}erified that with

random_single-hif deletions the reconstruction is still 1009% efficient in track
finding. TFor the morc co'mp'licated case of four-track events that come from a
| simulation of p' (1600) — 4ﬂi decay, reconstruction topology failures arc < 19,
The .other informuti.on hidden in the ADC r;cgion of a Monte-Carlo cvent is
more crucial and consists of four floating point numbers. .Thé quantities are the
photon cncrgy, target mass, -t, and parent mass (mp) These are the generated
quantxtus that suffer from no resolution or bcam -divergence effccts and are suf-
ficient to determine all parametcers of the event that arc not being integrated over
in the Monte Carlo. Their purposec will bec;omc clear later, but bear in mind that
for these quantities the ge‘nez:ated and final "smeared" valués are available on an

cvent-by-cvent basis after the Monte-Carlo data tape is reconstructed.

- D. Dctcrmfning the Mass and t Dependence of the Data

We producc as our resultunt cross section do/dt at t = Q, (do/dtl)o. In

order to determine that quantity, it is necessary to model both the p mass and '



58

production t'dcpcndcnce for a fairly wide range of mass but only for smallt. By
t=-0.04 (GcV/c)Z, for example, most of the coherent production from beryllium
is gone and naturally for the elements of higher A (total number of nucleohns) the
cohcrent t pecak falls even faster with increasing (-t). Because of the narrow t
in{cryal that we cover in particular we can factor the éouble differential cross

section in the following way.

2 .
do _ '
Jtdm - T (t)x M (m). (IV.D. 1)

While this factorization is not essential to our approach, it simplifies the fits as

wce-shall sce. The assumption has been checked by looking for a difference in the

mass fits as-a function of t, and no significant variation occurs in the modest

range-used in the analysis.

In all previous analyses of p .photoproduction, difficulty has arisen with the
paramectrization of the mass distributibn. The problem appears to be due to inter-
fering non-resonant 2-pion photor)roduction that . skews the p peak and confuses the

normalization at-the 10 to 15% level. This 2-pion photoproduction is thought of as

) : . . + - .
~occurring by the photon virtually dissociating intoa nm n pair, one or both of

which interact with the target. This is a strong-interaction problem that has not

_been solved satisfactorily. The carly approaches are due to [Soding, 1966] and

[Ross and StodolSky, 1966}, more recently [Bauer, 1971) has extended the Sdding

approach significantly. In a review of this problém [Spital and Yennie, 1974a)

have concluded that at the present time no satisfactory theoretical solution exists
and advocate and test on data from two experiments a phenomenological approach.
Their results lead us to use an abbreviated form of their prescription for the p

mass distribution problem.
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Motivated by the discussion of the p mass shape by Spital and Yennie we

choosc the following mass distribution,

2 2 2 2
. mm I'(m) m -m m -m
M(m) = ———sf—— x 1+c5—L2—+c6 ~E——/ [av.p. 2a)
(m -m) +m I (m) : m m
P — P
with ) ) 3/2
m /m” - 4m .
m
I'(m) = F;n Bl— . | (IV. D. 2b)

m —4m;
p L

We fix I"P = 4150 MeV and m‘; = 770 MeV and allow C5 and Cb

to vary in the fits to
modcl the _inferference of the Ap and non-resonant ntn” production in 2 phenomeno-
logical way. Then we determinc do/dt by
r
do _ " p do
fasip P S ya ., A
dt 2 dtdm o : . (IV.D. 3)

P

The t dependence is modeled by the sum of two exponentials. The second
onc is meant to represent the incoherent production of the p and we expect that in
the region where it is important its slope to be that of the hydrogen data. The

first exponential represents the coherent production and is an approximation of

" more complicated behavior as discussed in Section II and Appendix A.

Ty = c,lC, exp (C,t) + exp (C b)) B (IV.D. 4)

The m and t fi£'s a,r'e‘ ’n'ot_ d’or'm éimultancously; this simplification is possible due
to the factorization of the mas;s and t dependence of the cross sectiop. ‘

The fits are pcrfofmcd 1n the fol.lowiné way. . First the Monte-Carlo data
described Carli.cr is rcconstructed and passed through the samé analysis program
as W;IS’ uscd _fo.r thc data. In the casc of the actual daté,' the: cﬁt and binned

accumulated numbers of events are saved as tables on the computer disk as
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dcscribcdv earlier. For the Monte-Carlo data, after the cuts are made, the actual
events arc saved on the disk in a v,c.ry compressed form containing only the four
numbers hidden in the events by the Monte Carlo and the three numbers (m, -t,
and L) that can be calculated from the data. E is the energy of the presumed Tr+n—
pair. The fit‘ié made by fecding the tabulated binned data and the abbreviated
Montc-Carlo cvents to an iterative fitting routine that reweights the Monte-Carlo
cvents to match the data. The constants Ci are determined by choosing them such
that )(2 is minimizecd for the Monte-Carlo events weighted by M(m) and T(t) con-
taining as puramctcrs the Ci' )(2 is the summed squarc deviations of the data
froﬁi i:i'ue IM.ofht‘e Carlo wei.ghted by the expccted error, add;zd up for tl;e bins in the
region being fit. Thé fit region for the mass is from 600 MeV to 1000 MeV, and
the ‘bin'width is 25 MeV as mentioncd carlier. ‘The t fit is made over scveral
intervals, with the final results from a fit {or _tmih < -t< 0.2 (GeV/c)2 and
including cvhentAsbonly in th'e interval used for the mass fit.

Figurc (IV.D. 1) shows the raw dN/dM that is input to the fitting for the 80-
to 100-GeV bih in ETm, presumed to be Ep. Figure (IV.D. 2)' is“thc raw dN/dM in
the low t region with the fit Monte-Carlo distribution ovquaying it. Standard
valucs of C5 zin‘d C6 wcre_uéed, C5 = 3.0, C6 = 3.0. Noticce that thc uncorrectcd
dN/dM e;md dN/dt are always the input to the fi_ttihg proccdurq and that the result
of the fit is a modcl for these uncorrected results for best values of the param-
eter, Ci'

The t distribution for this same energy interval is shown in Fig. (IV.D.3),

" with some bins left out at low t for clarity. The same data are shown in Fig.

(IV. D.4) along with the Montc-Carlo model of the distribution. The statistics of
the Montc-Curlo'p'oints arc better than the data, as discussed carlicr. This

figure shows in the t interval of interest to us that the exponential t fit is an
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cxcellent repxjésentation of p photoproduction from beryllium, The parameters
and no‘rfnalizat.ion of this fit are just those shown in the later figures and tables
for this eriergy biln. The valﬁes of the parameters C3 and C4, the coherent and
incoherent 4t slopes, are shown in Figs, (IV, D, 5) and (IV, D, 6), The errors
‘shown are purely statistical here and on other figures and tables unless otherwise
.no'ted. The Ep bin from 20 to 30 GeV does not appear in any of our results
because the mass acceptance eliminates rost of the p regién. . This is primarily
due to the aberture restriction of the magnet, and no fits are attempted below 30
GeV in E ,
P . - .

The value and behavior of paramet.ef Q4 shqtlld'not be ta_keﬁ too seriously,
The incoherent scattering cannot really be e.xponen'tial down to very smallt, Also -
..\.Ne. (16 not go to a large enough t to pin down the second slope in the lower statistics
" high-energy bins, The QOuble exponential fit is a good representation of the data,
but the two individual éomponents cannot_ be easily interpreted as entirely coherent
and incoherent productﬂion when separated, [Spital and Yennie, 1974b] find that
iAn the low t region, optical-model fits reject a simple incoherent background under
the cbhgrex)t peak, - Thus we view our t fit as an interpolatihg functiojn that allows

us to obtain do/ dtlt-o'

-E. . Absolute Normalization

Before presenting the remaining results of the fits jlfst described. we exhibit
the énethod of the_ ébséluté normalization so that do/dt instead of dN/dt can be pre-
sented, Be:ﬁause the photons cannot be‘counted in our incident beam, the calcu-
lation of a cross section is slightly more involved and less direct tﬁan in a charged
beam, With thé- acceptance and resolution taken into account by the fit to provide

a true dN/dt, the cross section is determined in the following way,
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= e (IV.I5. 1)

In the above, Nf is the number of incident photons in the energy range in question,
bq.»is the volume density of scatierers (nuclei) in the target, and ¢ is the targef
length,
For our beryllium target, f = 11/16 in., and the density.of beryllium is
3 . 23 . 3 o
1,848 g/cm”, 'T'his means that Py 18 1,235X 10 ~ nuclei/cm . Thus, in nuclear
-24 '

L 2 ' . . .
unils, (4 barn = 10 cm ), the target factor from the normalization is

A

i
ps

=44.64 (barns/nucleus), - (IV. E, 2)

In order to determine the flux we use the integrated beam power as meas-
ured e'ach accelerator pulse-in the quantameter. - To convert the quz_mta,meter.
feadivng in Couiombs to ener*gy'in GeV we use the experimentally determined con-
version factorvi'.S,OO ><.1016 (GeV/Coulomb), If C (dNA/dk)UN is fhe energy spec-

' frum Qf the photdn beam as measured by the épparatus, where C .is én undeter-

mined overall formalization faclor, then Nf is defined as fcllows

. 1 .
N, = Cf 2 (%) dk. | (IV. 1, 3)
131 UN

]31 and F‘Z are the limits of the photon energy range in question, Qe is the total

beam energy defined by the following:

: I
. max .
dN
Q - Cf (f) k dk. (IV. 12, 4)
0 UN By
E a is the effective s'pectrum endpoint, Since Qe is the result of the quantam-

eter measurement, we can use it to eliminate the unknown normalization C.

Combining the two above relations with the conversion factor for the quantameter



we obtain an expression for the flux in terms of-the unnormalized spectrum and

EZ d
L2 a

Nf =.4,500X 10“.’><Q(C,oulombs) X 5 o (IV.IE, 5)
’ f max .
k(—N) dk
o dk UN

FTwo Llypes of corrections must be made to these flux factors before calcu-

_ the net quantameter charge Q.

lating the cross sections, One of these is the beam absorption effect and the other
‘ o ‘ ' is the live-time fraction, both of which are most conveniently put in as an effec-

tive ch:irge, Qeff’ from the quantameter. The beam absorption correction is from

't.wo sources, First, the qiuantameter is locateld downstream of the analyzing mag-
net so that only very highl energy pairs created upétream of the magnet .can reach
‘it;'thus the hea-m pbwe_r measured in the quantamelter:iéinot the beam power inci-
dent bn the ta}*get. A second partially compen_sating cffect is the shiel(h}ng of the
target itself,” These gffccts together yield the foliowiné muitiplicative corrections

to the quantameter charge Q,

. . KX .

‘Target Beam Conversion: e t : (IV.IE. 6a)

: ' 1 _'J'Xt o i . .

Target Self Shielding: F (1 -e (IV,E, 6b)
t : ‘ L

PXus
Other Beam Conversion: e (IV.I, 6¢)

xt is the target length in radiation lengths and XUS is the amount of other material

upstream of the ‘magnet in radiation lengths, u is a correctlion factor from elec-
. , , : N . :

tron encrgy loss to photon pair conversion and is about 7/9 (0.773), X, * 0.038

and mXg ¢ 0.028, yielding just under 5% decrease in-the calculated cross section.

IFor some of t'he:targets used in the A dependence analysis of Sections I and G
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these effectAs> are slightly larger. All of our qtic.)ted' cross sections include these
and the following livetime corrections.
The livctime correction is also from {wo sources. One of these is a pre-
qcale (PS) that was set c;n the tmgger lype measured here of either 1 or 2
depcndmg, on which of the 30 runs one examines, The pr-e's,ca}e of 1 means all
events arc kept, 2 means that every other one is discarded and never appears on
the data tape.. This correction and the other livetime correct'ipn are made on a
run-by-run basis, The other correction is for interactions that were not observed
eitljer be(-aﬁse the trigger logic was busy making a decision on an earlier event or
_ because read in of an aéceptéd event was already in progress. The fraction of
‘interaétior_\s th'at-c;ccur during a time when the logié is ready to process them is
the ratio of the’ ;calecl quantltleq "logic gate * logic not busy : 16" and "ic)gic gate

1 16, " We wrlte this in-the following way:

(1L.G* 1. BUSY/16)
(1.G/ 16)

(IV.I2.7)

Of the interactions that are processed by the logic, the fraction that occur for the
diffract,ive.tri'gger (TSB #14) during a time when they can be read into the memory
is tho ratio of "T SB # 14 % system not busy" and "TSB #14 % logic not busy ' We

write thls in the followmg way,

(#14 =S BUSY)
- (#1414 L BUSY)

(IV.I. 8)

Thus the livetime fraction (I'TF) that is to multiply the observed Q is the following,

oy - (LG 1.»‘1316'»\/16) W (#1455 BUSY) x L (V.12 9)
, (1.G/ 16) (#14 =L BUSY) F :

lhc Q ac oumulatcd durmp these runs is 14. ()41X10'(J at PS = 1 and 23,927

X 10'6 at PS = 2, thus the Q . with prescale correcti.on' only is 26,00 x 10-6
. effective . - . :
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Coulombs. After applying the remaining corrections,. the final Qeff is 23.75% 10"6

- Coulombs, which is then used in the normalization in place of Q in Eq. (IV. E. 5).
The other major fixed input to Lq. (I‘V. E. 5) is the spectrum as représented in the
300-GeV plot in Fig. (IV. A. 3).

With the abo‘}-e inférrﬁation available, the normalization is carried out by the
same program that does the fit. It has the spectrum tableland the endpoints of the
energy bin being fit. The total number of generated Monte-Carlo events in the

energy bin, the Q in Coulombs and the target factor in barns/nucleus, are

effective

alsb input so that at the end of the fitting step the normalization and statistical
errdr calculafion are c{]one.b The result of this for the t'ota‘I do/dt att = 0 are
shown in Fig.‘ (IV. E. 1a). '

In Fig. (IVL ia) do/dt is defined by Eq. (IV. D. 3) as it will be .at all points
inour discuséion. _The results of the fits to diffractive p phlotoproductiori from
beryllium, binned by p energy, are.summarized in Table (IV.E. 2). .For reasons
we have discussed, values of C2 and C4 must be interpreted cautiously. In Fig.
(1V. L. 1b) we compare our results for do/dt|0 to those of earlier low energy exp-
eriments onone figure. The low-en.ergy points show some scatter but tend to be
.l:;rger than our high-energy measurements. This is particularly true if one only
looks at the Corﬁcll[McClellagi, 1971) and DESY-MIT [Alvensl’ebep, 1970] data, the
most intensively analyzed of the results shown.

'The errors quoted in Table (IV. E. 2) and Fig. (IV. E. 1b) are determined by
the statiéti;:al uncértainty of our data sample. No contr"ibutionAfrom systematic
ung:crtuipty is included in our errors. This does not .imply that we feel the dala are
free of systematic uncertainties, but rather that we are unabic,to estimate them.
An example of this kind of effect is thé quantameter. As discussed in Chapter III

the quantametér was calibrated with electrons of 10-15 GeV at SLAC before the
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Data from several low energy photoproduction experiments is

gL
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. . ’ + - .
Table (IV.E. 2) Results of Fits to y+ Be—~ Be + m w Data as a Function of p
Iinergy, E Be — the Photoproduction Cross Section, Is Obtained By
lntegratln the gxponentlal t Fit, [ See Eqd. (IV.D.4) for the form of the fit,]

.E'p (GeV) gtg . (mb/GeV®) O Bew (HP) c3(Gev'2) c, (GeV ™ %) c,
30- 40 3.67+0.14 10243 66.9+4.3 9.2+1.1 6.4+0.
40- 50 3.75;0..1,4 9642 72,441 9.6£0,9  6.5+0.
50- 60 3.0620.11 913 59.4£3.7  7.9+4.2  7.4%1,
60- 70 | 3.1040.14 84+2 73.616.0 11.4+1.1 4,620,

70- 80 3.46£0,15 8842 73.425.8  12.284.1  4.9%0.
"80_—160'- 7.43.4350.12~ f 912" '-66,31:.4.'1 ©9.3%4;1 . 7.0%1,

1 100-120 | 3.50+0.18 903 . 76.0%7.0 11.6x1.3°  5,0%0.
izo-’14o .3;99¥0.28 93+3 78.6+£10.2  13.4+1.9  4.8+1.

140-160 '3.58+0. 34 | i 69.6+7.9 - _
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expcriment started. The quantameter is, in principle, a precision device, but

because no clectromagnetic beam above 20 GeV was available before the con-

struction of the broad-band photon beam, the quantameter is operating in an

encrgy range 10 times that for which it and its electronics have been calibrated.
Because of unccrtaintics'such as this,' the subsequént data and results we
present will be analyzed in o way that is as independent of systematic effects as |
possible. In particular, we shall analyze and interpret all subsequent results
without relying oh the absolute normalization of the data.
For the above reasons we do not make any statement about the energy

variation-of the p photoproduction cross section from the low-energy experimental

- points to our own. llowever, we can determine the cnergy dependence of dcr/d'cl0

for p photoproduction from Be in our own encrgy range without difficulty. The

“important conclusion we draw from this part of our data is thattheforward cross

sectionfor p photoprodu'ction is energy independent from 30 to'160 GeV. The mean

. A 2
of the cross section in this encrgy range is do/dt|o = 3.42+0.28 ub/GeV .

F. p Photoproduction A Dependence Analysis

The analysis of p photoproduction from four targets of ipcreasing Als
csscntial]y th;lt for the p energy dependence from beryllium, and we describe
only the Qiffcx‘cnccs here. The target (A) sample available to us is Be (9.0), Al
(27.0), Cu (63.6), and Pb (207). The two properties that distinguish the datu on
clements of A greater than 9 from data on beryllium are-a chaﬁge in the triggcr
and smulici' stutib.'tics. These properties -(:ffect the binniné we choose and also
the choice of beryllium data to inc.lude in this analysis:

The only change in the trigger from the carlier p runs is the addition of a

hadron calorimeter (IHC) total pulse-height requirement.  The purposc of this is
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tol require a significant amount of energy in an event that is not from phbtons or
clectrons, thus triggering more sglectively from the hadronic component of the
photon cross section. This is especially important for large A targets because
the relative amount of Bethe-Heitler e+e- pdir production is larger and unless the
trigger rejccts:trhésc events very well, they will overwhelm tﬁc hadronic compo-
nent of the datu.tapcs. Also,” an energy requirement will avoid triggering on
cvents from low-cnergy photqns for which our acceptance is low.

We puy a price for the enriched triggers that the HC requirement gives uAs.
The encrgy resolution of this trigger is very broad, turning on between 20 and 50
G(:V.. This mecans that events in this energy range do not have a trigger efficicncy
ﬂmt is. casily caléulablc and we climinate them' so that we have a geomctkrically-
defined acccptunéc for all events kept in the analysis. The 'p and p' data.\lvcre
taken at the same time with the same trigger so that a comparison of p and p!

» prbduction can be made independently of systematic effccts in overall normali-

zation. | The p-nuéleon and p'-nucleon total cross sections obtained from the A

dependence are independent of normalization. . Morcover, we can meésure the
size of the cffect of the I-FC in the trigger because we have data from beryllium

taken both with‘tim diffruétivc triggcr i}nd with the HC-diffractive tx‘igécr.

The number of ;*ux1s we have with the HC—diffr}acii}ye trigger on caclh‘; targcet
arc 5 on bcryllium,‘3 on aluminum, 4% on copper, and 3 on-lecad. Recall thatjvc
have 30 runs with the diffractive trigger inour beryllium Ep_depcndencc data. We
usce exactly tl;c same cutg on all data, as previously descriﬁed.' We then compure
fchc total number of cvents as a function of Ep from the IIC diffractive trigger (\

' dcpcndcncc) data with that obtained from the 30 runs of diffl‘activc_; trigger data
taken on bcry_llium (used ;iquady for I:Jp dependence).  We find that the percentage

of data on all targcets with IIC requirements compared to beryllium with no HC is
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stable above 50 GeV. The relative number of events with energy (Ep) > 50 GeV for
these data compared to those used for the energy dependence is 47% for Be, 449
for Al, 26% for lCu', and 13% for Pb. This tells us the relative statistical strength
of the A dcependence data. We also see that the HC trigger enriches the p sample
per run above Ep = 50 GeV by a factor of 3. By normalizing the Be_data taken with
and without the 1IC rcquircxﬁcnt, we have determined that the efficiehcy of the 1IC
requirement is 95%. Wc correct all guotcd cross scctions for the p and p' data to
account for this 5% inefficicncy.

The analysis, binning, Monte Carlo, fitting and absolute normalization are
done just as ‘with the 30 rims :ﬁscd earlier for energy dependence, with the follow-
ixlg cxceptions.  The bilnﬁng in Ep is :l'sing'le bin from 50-1440 GeV. The same
Monté-Curlo events are used to fit all 4 elements as are used on the 30 beryllium
runs.

The no'rmﬁlization procedure is unchanged except for the 5% HC correction.‘
The beryllium tdrgct is the same as used ecarlier k11/16 in. ) wh'ich means ( psﬂ)-1
= 4,64 lgaiurns/mnclcus. The prescale factor on'all of these runs is 1, independent of
target. The 1';roluirrties 0'1‘. all the targets used along with the Tlux factors are listed
in Tab]p (IV.F. 1), The targets heavicer than bcry'llium are composed of two piéces

~of material and are so marked in the table. Q contains the HC efficiency

cffective

corrcction.,

Table-(1V. ]-‘-. 1). Targets and Flux Factors for the A Dependence Runs.

-1

. : (pgl) Q- trective
Target £ (Inchce’s) (Barns/Nucleus) (Coulombs) . (Coulombs)
Be 11/16 4.64 1.1985<1o“_5 1.097x10 >
Al 2X0.259 12.61 0.794%x10-5 0.739X 10"
Cu 2X0.062 74.8 1.259 %102 1.136 x10°°

Pb 2X0.026 229.5 0.668 X103 0.639%10°°
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The qncofrccted dN/dt for the four elements used in the A dcpendence
analysis is ploited in Figs. (IV.F.1-4). A clear diffractive peak from nuclear
coherence that stecpens drunatically with increasing A is evident. The results of
fits to these data are in Table (IV. F.2). Note that we also fit the beryllium cnergy
dcpcndc}icc data over this cnergy region to olgtain a re‘surlt for do-/dtl0 within one
standard dcvi;;tion of the weighted average of the energy-dependence points, and it
is this value that is used to calculate the HC efficiency. Thﬁs the two Bc entries
for do/dtlo in Tuble (IV.T. 2) are cqual by construction. The vélues of paramcters
C2 and C4‘ must be interpreted cuutiously'for reaons we have already given. In

p;-xrtié@jl:;lr, the C4 (incoherent slope) for Pb is not a mcasurc of the true in-

cohercnt production because the secondary coherent diffraction maxima in Pb

’ scvércly distort the region just outside the coherent peak where incohérent pro-

duction becomes dominant in lighter nuclei. We defer discussion of the optical-
model fits to thesc data and present them along with results on the p' optical-model

fits in Section 11.

G.. p' Photoproduction A Dependence Analysis

. + -+ - :
In the analysis of p' - v v 7 w photoproduction (here aftéer p' — 4m) we

. . . + -
follow as closcly as possible the procedures used in p -+ m w energy and A

dependence analyses just discussed.  Certain features are special to the p!
analysis, and we cover these here. The data are taken from the same triggers
. . + - i . . .

and thce same runs as the p—~ 7 v . We discuss the event selection from the

sample on beryllium with the diffractive trigger first, and then give percentages

for the other targets-with the HC-diffractive trigger..

9830 cvents arce available with 4 tracks through the spectromecter, net

charge zero and the diffractive trigger, type (TSB) 14. Next, a target
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Table (IV.F.2). y+ A~A+ n"n”; Results of Fits to Data From Four Targets with
HC Threshold in Trigger. -t < 0.2 GeVZ2 and 0.6< m,.< 1 GeV. The Range of 2n

_ Energy, Ep, Is 50 to 140 GeV. For the Form of the Fit, See Eq. (IV.D.4).

Flement | Edtg O(mb/GeVZ) . C3(GeV_2) C4 (‘GeV_Z) CZ
Be 3,30£0,06 66.762.0  9.940.5  5.940.4

(No HC) ' :
Be 3.30&6.07 ' | 61.5£2.5 8.90.7 :6.7¢o.7
Al " 19.60.4 95,7+2.1 . 6.6%0.7 29+3

- Cu o ;71.4&1}8 o 160£4 '9;1¢0;9 L 4T

Pb - 3894145 - 36412 17.5%1.3 5345
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requirement is made on the origin of the tracks, All six 2-track vertex combina-
tior;s are made and rejected on distance of closest approach greater than 0.2 inches
.or parallelism.. At least 5 of 6 combinations must pass that cut and 8i90 events
survive. The average Z position is then .calculate‘d for the‘pairings that pass and
the event is rejected if this is more than 12 inches upStfe#m or downstream of the
target center. This cul is very clean and clearly removes interactions in the B33
triggerl:ountexj downstream of the target. 5750 events sulrvive this stage.
Rquuiring the B3 counter reduces the number of events to 5670, The same geo-
-motrical'requircments are then made that were used'for:p_ - Tr+*n_._ The aperture
such a.s th‘c m:‘ig‘n'et opening and PW.C aétivé area are made at t.h'e Monte C.a.rld
stage for all fouriracks. 5500 events survive 't§ enter thé binning process., The
t binning is '1&, for p = 2w and the 4« xﬁass is binned in 50-MeV bins from 500 to
2500 MeV (0.5 to 2.5 Ge\)

In order to get a feeling for the data that are contained in our métrix, one
can look ahead at-Fig. (IV.G..1) and those following.

The Monte Carlo is a modified form of the p — TI'+TT_ version and ,d-i‘ffer‘ent in
the following \{'vaiys-. 1"‘oux‘~‘particle5 of pion mass and éet charge zeré a%e generated
instead of two particles. The p-aren:t mass is sampled from a simple Breit Wigner

of ce'ntral- mass 1'.'(; G_e\:‘ and width of 0,8 GeV superimposed on a flat term of 1/3
"as many events, This distribution is generated from 0.6 to 3.0 GeV, Thet dis-
triput‘ion is fo'r‘me‘d of two exponentials from -2 GeVZIdown to tmin with the recoil
Vc‘;\]culated from‘ a bcr*y]liuﬁﬁ ;ﬂcleus or a proton as in the p - f;*-n- case, The [lirst
slope is 50 Ge’.\'—z, the second slopé is 7 GeV-Z, and the ratio of'the intercepts at
t o= 0 is 7. The fo:ur-pilon decay is done accoxfding to uniform phase space. Note
that the mass an‘d t disﬁ*ibulions generated in thé Monte Carllotare chosen for con-

‘venience and will be reweighted to match the data zit the fitting stage.




Previous work on the p' by [ Schachet et al,, 1974] and others suggests that

o +

" p%n" " is a prominent decay mode.of the p', however, our interest in the p! is

focused on its- production mechanism on nuclear targets and not on the dynamics of
its decay distrib'lition. Consequently, we have made no attémpt to unfold the decay
dynafhics from our data, but rather have investigated only those properties of ‘the
de(:éy process which could influence the optical-model analysis, Specifically, the
four-pion acceptance could depend upon the dynamics of the decay process, We
have c'hec:ked the écceptance corrected four-pion mass distribt.ltion under two dif-

ferent assumptions for the model by which the p!' decays: four-body phase space

and decay through an intermediate p. We find that the four—pion'mass acceptance

correction is completely insensitive to these different decay models,

Because we must deal with the 1C trigger data again, we check the relative.

efficiency of this tr-igger' as a function of E | by examining the ratio of low t pro-
G p

ducvt.ion'of four pions from Be and Pb with the HC requirement to Be without the

HC requirement; These ratios are energy independent ahove 60 GeV andha&e
vnluef‘s consii«tcnt- with thése obtained for the p. The HC efficiency ig bgtter meas-
1;'red in‘the p (15(‘ and the;?fficiency measured for p' data ilé:consisiellf with the 95%
value obtained with p data, Based on this infor'ma'tio.n and guided by our experi-
ences with t'h-el ;; we choose the region in Ep' from 60 to 180 GeV for final analysis,

and we.use an IIC efficiency of 95%. All quoted cross sections for the p' contain

this correction.

+ The fittitig of the p' -+ 4w data follows that used on p - 2w with the following
differences, The mass distribution is fitted to Eq. (IV, D, 2) with C5 and C6 set 1o

zero and I" and m | free parameters replacing the fixed values of 1° and m  used
" Sop pt = E : P P

carlier. Naturally 4 m"2 is replaced by 16 mﬂ2 in Lq. (1v, D.2b), In our initial
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fits to the mass distribution parameters CZ' C,, and C4 were taken from the p

30
fits. ' The mass fit is performed qver the interval 0.75 to 2.25 GeV, for events
with -t less than 0.2 GeVZ. For the 30-run Be -data we fit the mass dependence
sebarately for 60 < L‘p" < 120 GeV and 120 < Ep‘ < 180, as well as a'combined
rég‘ioh to test for consistency and stability of our acceptance correction, The
values- of mp' so obtained are quite consistent with each other. 'We also fit the
mass d(-pencie,nc:e of Be and Al data with the HC-diffractive trigger, Tor all of
these fils essentially identical values are obtained, mp = 1487+£20 MeV. .The

1

Wi(.lth, ‘]‘p" shows somewhat more variation than mp,. We obtain l"p' = 67560
MeV from the above fit:%. In t fits and calculation of cross-sections for the A
.dependence data we have used a constant value for the mass and width of the p'.
As we shn}l see, -us'e of standard values of mpl and l"p, some\yhat different than
our best dctelrminatio‘n does not affcet our conclusions. TFigures (IV. G. 1) and
(1V. G. 2) show the qncorrected dN/dM for 4w producfion from Be and Al.

The t dependence of p' photoproduction from beryllium is shown in Fig,
(v, G, 3.) for the clétn sample used in the p energy dependence analysis, | Figure
(1v.G. 4) show..;s. ihe t dependepce of p! pllotoproduc;tion from the four targets we
use in our A <.l‘_e'pendencc gJialysié. The distributions include events with four-pion
masses.bctween 1 and 2 GeV and are not éorreqted for acceptance or resolution.
The ﬁt.s obtained to these data a'fe in Tables (1V, G 1) and (IV, G. 2). We have
investigated our sensitivity to thé valﬁe‘s of'.mp' arid r‘p, we use by perforxninét

.varied by 25%. Together

dependence fits using values of m | varied by 5% and 1"pl

'
p
these relatively large variations induce less than 20% shift in normalization and do

not effect other results,
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“[See Eq.(1V.D. 4) for the Form of the Fit. ]
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Table (IV. G. 1). " Results of Fits to the t Dependence of p' Photoproduction from
Beryllium for Two Ranges of 4 Pion Energy (E_,) and a Total Range. The Fits

Include Data with -t < 0.2 GeV?2 and Assume mp. = 1460 MeV and F 1 = 600 MeV.

E , (GeV) g_::’ o(mb/GeVZ)' c, (GeV™2) C4(Gev'2) c,

60-120 0.643£0.044 74.048.9 5.54£1.10 4.2240.70
120-180 0.530£0.061 59.4213.2 4.5141.87 3.9141.17
60-180 0.586£0.035 | 65.447.1 5.09£0.95 4.15£0.61

In Table (IV. G. 2) we show two fits to the p' A dependence data. One of
the;s.e is conventional, but t.he other uses constrained \)alugs for the C3 and C4
parameters '(thebcloherent and incoherent tv slopes) and fits only over the restricted
t range -t ‘< 0.01 GeVZ. We are moti;/afed to perform this second fit by noticing
tl}at C3 is within aboutl one siandard deviation of the values obtained in the p = 27
fits. Since the statiétics were much better on the p -~ 2 fits and the C, param-
eter is unimpo'rtant‘ atrvlow t we fix both C3 and C4 to the p - 2n values obtained
ea_rlier. “This should give a better value.for the intercept (d;’/qt.lo) if we assu'me ‘

that the coherent behavior of p' = 4vand p - 2w is the same.

H. Optical Model Analysis of A Dependence of p and p' Photoproduction

We have discussed the optical model of vector meson phofoproduction from
nuclei in Séction II.and in Appendix A. We reiterate the f)'pe of result we are
seeking and our philosophy of applying the optical model to our daté here very
briefly beforé discussing the results. |

The forward cross gections (do/dtlo) for p and p' production fro'm the pre-
vious sections are the input to the optical model analysis. 'AF'ro'm the A dependence

of vector mcson production independent of overall normalization, we obtain the
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Table (IV.G.2). Results of Fits to the t Dependence of p' Photoproduction From
Four Targets for 4 Pion Energy (E_,) Between 60 and 180 GeV. The Fits Include
Data with -t < 0.2 and C3 and C4 Free Parameters or with -t< 0.01 and C3 and Cy4
Constrained to Values Obtained for p = 27 from the Same Runs [See Table (IV.F.3).]
m = 1460 MeV and T’ ot = 600 MeV [See Eq. (IV.D.4) for the Form of the Fit.]

91 (mb/Gev?)

| do -2 -2
Tarset at |, C, (Gev ™ ©) C,(Gev %) | c,
Be 0.6450.050 69.1£14.0 5.45+1.23 3.68+0.71
Be 0.606+0.069°
AL 3.610.27 103.1£9.6 5.64%1,30 11.221.9
Al .. 3.12%0.32
cu 11,4511 145£15 6.1£1.9 21.944.8
Cu. 12.4x1.3

‘Pb 59.7+8.5 4 347439 8.7+2.6 - 41.0+114.4

Pb 65.9+7.4
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vector meson-nucleon total cross Section, cp, or op. We use fixe_d values of ap or
ap,. the.ratio of .real to imaginary parts of the forward vector mes'on scattering
amplitudes. The 'overall normalization of the data from all targets gives the for-
ward hydrogen cross section which cén be interpreted via vector dominance argu-
ments in t-erms of the photon-vector meson couplings f:'/41r and fp,2/4n and the
already deterrhi'ned'op and op,' respectfully. Because of possible uncertainties in
our ovérall hormalization due to the use of the quantameter to normélize production
" in our broad—bgnd ‘beam', discusscd briefly in Section III, we use ratios of p ahd p'
normaiizations wherever possible to extract results. This e'xploits one of the real
étrénéths of voulr épparaf,-us and mode of faking data. Due to the' fact we take two-
particle and four-particle data at the same time, much of the relative error in
normalization canéels out.

‘We exhibit égain ‘the form of the optical model we use for coherent production
from nuclei. NHere we have split the equation into real and imaginary parts and
séuarcd them to obtain the square of N'eff(t) in a form suitable for implementation

on'a computer. The notation is that of Appendix A,

-~

2 «© o ‘ -%opT . c ozp A
INeff(t)I‘ = Zxrf bdb JO (qlb)f dzne cos (q“z) cos(—e-——Z. T) -
0 - 1 .
I o a 2 v to -30 T
- sin (q2) sin(—5-2 T)|p +{2nf bav @[ arie P oavay

2
o o a oa
cos (q" z) sm(—g T) + sin (q”z) cos (_PZ_P_ T)

In particular, ’r'\(_l;,-z), the optical density of the nucleus and T(_S, z) are defined as

follows:




95

[+ ] o
T (b, 2) f fl (b, 2')dz' (IV.H. 2)
z .
(r-0/z\ "
B(r)-= n, i+e (IV.H. 3)
do _ 2 2
a-t_-lfo | lNeffmlv (IV.H.4?

Equation (IV.II. 4) is the statement of the coherent optical model and Ifo |2
. P
is the square of the forward amplitude for p photoproduction. Here as in all the
1
above relations the p and p' arc interchangeable. r is just (b2 + 22)2 .oz

1/3

g is 0.545

fm and C = COA with CO = 1.12 ffn. no is determined so that the volume intg-
gral of fi over all space is equal to A.

Encouraged by thé success of [Spital and Yennie, 1974b] in using only the
coherent optical' model :to‘lfit Smali t p photoproduction from nuclei we use this
médcl without any inccherent correction to {it dc/dt|o. Because the optical moc@e_l
formula lS not trivial to impiement on the computer and involves some numerical
: worl-<, we test our program on data successfully analyzed by previous workers.
This also tests the validity of some physical approximatidns we mal-<e, such as
ignoring nuclcar correlations. To test the model we use it to fit the 8.8-GeV p
photoproductionl data of the Cornell Group [McClc}lan, 1971] , as given in [Spital
and Yennie, 4974b), Table I of ‘thcir article. Besides deuterium whicr; is not
relevant tq our analysis, they have 8 elements. We divide them into two groupé of
four, on.c‘ group consisting of Be, Mg,'(}u; and Pb, the other of C, Ag, In, and-Au.
IExcept for the Mg and Al, which are adjacent elements in the periodic table, the

first sumple of four clements is just those we have to work with. They give

. L . . _ 2 2 . .
qa/dthmin and wc usc tl)u approximation tmin (mp /2K)"; we use their errors

and, for this test, the value of ap preferred by Spital and Yennie, -0.2. For their

cquivalent analysis of all nine elements, Spital and.Yennic obtain o = 25.9+0.6 (mb)



énd |fo|z = 403+2% (pb/GcVZ). This is to be compared with values of cp' of
25.2¢1.1 mb and é4.4t0.8 mb for the first and second d‘ata subsamples respectively.
The two values for lfO‘Z that we obtain are 106.9+3.4 pb/GeV2 and 162.912.8 pb/
GcVZ. C-onsjdcring that we have left out the deuterium data and subdivided the
remaining datu., these results are in surprisingly good agreement‘, thus removing
any doubts about our implementation of the optical model, at least for forward
production as \ve' plan to use it.

We make one furthcf test on the Be, Mg, Cu, and Pb samples of the Cornell
8‘.'8-Ge\A/'dat‘a to explore the dependence of the fits on the values of Co used in Co
A“é. " As wéll as thé value 6f 1.12 fm pre.ferred' by the ex;censive'analysis of p
photoproduction by [Alvenslcben et al., 1970}, we fit to C, - 1.22fmand C = 1.02
fm. The cffect this has on lf0|2 is small, approximately- +2%, however, th;a effect
on 6p is_much larger, approximately :tié%. Both variations are in the same
‘dircction as the vgriation in C0 (¥9%). This same variation in .CO applied to our
data gives somewhat larger variations of 4% and £17% for l folz and cp respec-
tively. -We make other tests on our data as well which wé will only give the
rcsults‘for._. Changing details of the numerical integrgtion, such as step size by a
factér of 2, hgs less than 0.5% 4effect on cither quantity. Changing an to 0 from
-0.2. incrcase.s- |f0|2 by 1% and op- by approximately 2.5%. A change in zZ; t;y
approximately +9% gives approximately a 4% variation in Ifol2 and £0.5%.
vériation in op. : Frqm f‘hi_s'ﬁe see that the most important paramétcr of the model
is C0 and its cffect is p'rimarily on op. A

The results of our optical-model fits to the p and p' data in Tables (IV. F. 2)
and (IV.G. 2) are contained in Taﬁlc‘ (IV.H. ‘1). For the p' we havp chosen dp' = 0, |

for the p we show fits for both ap = -0.2, favored by the low-cnergy data, and
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ap = 0. The phasc of np scattering has been measured and it approaches zero in

the range of energy we use in this analysis [Lach, 1977], thus motivating the fits

ate =0, We makenot_. corrections to do/dt| for either p or p'.
P : min 0

“Table (IV.II. 1). Optical Model Fits to the Data in Tables (IV.F.3) and (IV.G. 5) of

do/dt|o for p.and p' Photoproduction from Be, Al, Cu, and Pb Targets. Errors
Arce Statistical Only. ‘ : : : :

Final State GE or OVE.' (mb) If0|2 (p.b/GCVZ) Comments
2n’ ' 37.9+£1.6 66.5£2.3 e, -0.2
ar . 38.941.7 67.142.4 @, = 0
an 48.9¢7.7 445521
4n | 40.327.2 | 12..017;.(:) { it for -t < 0.01 and

C3, C4 from p - 27

' ' : + - + - 4 -
Naturally in Table (IV.H.1) 2nis for p - v = and 47 is for pl>mwrmw,

but this notatiqn is a rgfnipder that we are only looking at. the‘four?charged pion
deéay of the ‘nCUi:v'r;al p'. We do not make any attempt.to correct for the branching
.x'gtio of the p* into this state, which to the best of our knowledge has not been
measured. With the p — 2w this is ﬁot a problem as the branching rétio in this
casec is practicaliy 100%. An additional check is made on the self-consistency of
the p data pointsvwhich we do not exhibit in Table ('IV. H. 1). Fits are made exclud-
ing dafa from cacil Of. the targéts in turn, yielding results fgr cp and lfolz that are
within the statistical erlrors quoted in the table. The errors are statistical and
are misloadijv’lgly smail due to the fact that they do not .reflect. uncertainty in the

form and parameters used in the model.

-J. Discussion of p - 27 and p' +~ 47 Results .
We intend to ratio p-and p! results whenever possible to eliminate syste-

matic.biases from our results, No data besides our own exist for p'
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photoproduction from nuclei larger than deuterium or at .p'hoton cnergics labove 20
Ccv. However, we compare our results to some of those obtained at the lower
encrgics as well as theoretical predictions of vector meson dominance. This
process is aided by the existence of preprints of two chapters from the forth-

coming Electromagnetic -Interactions of Hadrons, Eds. Donnachie and Shaw; thesc

are [Leith, 1977 and [Grammar and Sullivan, 1977]. The later preprint covering
nuclcar shadm;/ing has come to our attention after our analysis was completed;
however, it is quite useful as a review of generalized vector meson domin;’mce
(GVMD) as well as nuclear photoprocesses.

Ffofn thc discussion of the p' iln't'he vécfof-dominaﬁce model from Chapt:er )
II, we r'ecal'l fﬁat GVMD in the diagorial approgimation reqﬁires_tha’c o, the vectér
n1eson—nuclcon'total cross section decrease as 'mv_2 for members of each vector
meson family. If we use our values for mpl obtained from the fit to the p-wave
Breit- Wigner mass distribution, we obtain for the~rétio of p' and p.cross sections

the following result under that assumption.

2 o

c, m 770 2 .
Predicted by ;ﬂ- = - "2 =(14'87120) .= 0.2740.01. (IV.J. 1)
diagonal GVMD p :

We have used the standard value for the p mass from the [Particle Data Group,
1976] and 4the weighted average of mp, determined frqrh our Be and Al data. The
error is: an estimate of the uncertainty of that_'parficular set of fits and plfobably
"is an unldcrcstilﬂatc of our total'uncertaintylin‘the p' rﬁass'fx;om such things és
interfering non’resox;ant szu.;kgrounds, ete. 'Sirllce' wc measure both quantities on the

LHS of (IV.J. 1) we can'evﬁluate it dircctly from the A-dependence results.
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'
Q

' _ 4027
38

Measured = 4,05+0.18. (IV.J. 2)

'Dql"b

_ llcré‘ we have us‘cd the results of Table (IV. H. 1) and the statistical errors from the
p's which dominate éince the same model was used for both analyses.

Comparing (1V. J. 1) and (IV. J. 2) it is clear that the diagonal GVMD requii'e-
ment of (IV. J. 1) is not borne out by the data, which is entirely consistent with Up
= op,. A result obtained by comparing p' production from hydrogen [Davier et al. ,
1973] and storage-ring production of p' [Gril}i et al., 1973] along with the assump-

“tion of VMD hasi alrcady indicated that.op and Up' might be éomparable [Grammar
and Sullivan, "1977].

By using the ratio of op, to op and do/dtl(l) for p and p' production, we can
extract the ratio of photon-vector meson coupling constants for the p and b' usihg
vector me$on dominance. We shall‘assunie that the p' and p nuclear cross sections
érc identical, aé implied by the result (IV. J.2). We shall also aésume that p"; p'
transistions are suppress.edA(diag.onal approximation). Alternately we can considerv
a nondiagona}l GVMD with only transitions between neighboring states, such as that
of.v['FRS, 1975]. In this model the p and p' are not supposed to be adjacent states.

:In this approximation, VMD implies the following [Silverman, 1975], [Leith, 1977].

do '
R=—2 =P
) 2

g - B
a|o_<p') 1,

(IV.J.3)

For.our data using the lfol for p and p' photoproduction and including a
- systematic error encompassing our full uncertainty in the p't dependence, we
ohtain R' = 5.6:1.1; The reason we plaéc a prime on this value is that we mcas-

urc only the p' to four-charged pion decay mode and in R we must have dc/dtlo (p")
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for all .modes. The simplest assumption is to correct the 1r+n'-n'+1f- mode by 3/2 to
account for the I =1 (isospiﬁ) contribution from a « x 7°n° decay and further
assume that p' » 2r is small, On this last point see [Silvermgn, 1975) and [ L.eith,
1977), where among other preliminary data a result from ouf group indicates p!'

- 27 is small but nonvanishing; This prescription at least has the advantage of
uniformity with past practice, so we define R = 2/3 R', If we use the currently
accepted value of fp2/41_t = 2,54 as given by most recent reviewers of this topic

| Leith, 11977], then we obtain for fp'2/4n the following result, using our value of
R',

t 2ran = 2Rx1 2 4n = 9.551.9, (1.7, 4)
P 3 P o

Using the same assumptions about p' branching ratios, the .storage-ring
resuit of [Grilli el al,, 4973j is 141,2%#2 which is in good agreement with our resuit,
[Alexghder e.t ahl._‘ , 1975] have measured four-charged pion photoproduction from
(Ijeuter'iur;n in the bubble.chamber to determine R = 6,0+1,2, ‘This is not in particu-
larly good agreement.wi‘th the e+e_ colliding-ring result.fc;r th.é photon-pf coupling
constlant as it irﬁpliés fp'2/4" = ?5,213.0, usi.t‘ug‘fp2/4n = 2.5.4. This r'-esult is also
n-oii i;1 particularly good agreement Witﬁ our result, with no single poin£ possible
within all three errors,

GVMD in either the diagonal or nondiagonal form needs the following rela-

iionsh_ip between coupling constants in a family of vector mesons.

2 2
f'_ m :
L_=Rr:-L_ . (1v.J. 5)
2 2
f m :
P P

Using the usual p' branching-ratio a'ssumption, we have evaluated the L1IS of

(IV.J.5) as 3,740,7 to be compared to the RHS (IV. J, 1 inverted) 3.740.1. Our data
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combined with a branching-ratio assumption thus gives nice ag'reement with this
|
} part of GVMD,
‘- We have already discussea our mass distribution bx;iefly.and have mp'
= 41487+20 MeV, from fits to the Be and Al data at -1 < 0,2. We use a mass dis-
tfibution that is modeled on the one used for the p. Previous workers have used a
_variety of paramétrizations and as a consequence have obtained a variety of esti-
~mates for the mass and width of the p'. In the case of the photoproduction from
hydrogen, the contribution from a variety of nondiffractive exchanges and kine-
matic reflectioné complicates the mass spectrum, The A++ (a n+p resonance at
abbut 1236 MeV) has been a special problem for these measuremenfs.I All these
e‘ff.ects are unimbortant for us, due to the high energy we use (> 60 ‘GeV) and more
‘ importantly tﬁe ése of data from the strong nuclear coherent peak in the t distri-
» ' | bution, The éonsistency of this nuclear coherence with that seen in the P is proof
" of the diffractive nature of the production and strong evidence that the p*, like the
o is a 'vector meson, In any case, we see a clean'mass peak with a'l‘p, = 67560
MeV, An inspection of the results of the low—ene‘rgy p' experiments that we have
peen quoting shows that our mass distribution is the "cleanest' and most obyviously
'ba(;kg!‘.oun'd free p! photoprodl:lction data available, A,wide range of values of mp, ‘
and I‘é' have been reported, as can be seen by inspecting the [Particle Data Group,
1976) entx‘y under p' (1600), We compare our results with a photoproduction
experiment and cﬁoose [Schacht et al,, 1974], partially becauge they analyze their
data in twc; ranges bf photon energy, 5.5 to 9.0 and:9.0 to 18,0 GeV. For these two
regions they obtain '1.550t50 M'eV and 1450:!:100 MeV for mp,, values in fair agree-
ment with ours. I“p. gave them more trouble particu‘larl'y at 16w energy where the
p' was not the largest part of their signal, They obtained 400+50 MeV énd 850+£100

MeV for I‘é, . It is certainly true that the mass and width of the p' are not well
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understood at present, If we recall that the mass spectrum of the p daughters used
2 v

by GVMD and motivated by the Veneziano model is mn = mp2 (1 + 2n) and that our

p! is supposed to be n = 2 member of the family, this model gives a mass (1700

MeV) on the upper limit of any reported.

K., Summary a.hd Conclusions

. We have measured the energy dependence of forward.p photoproduction from
beryllium over the momentum range from 30. to 1'60 GeV. We obtain a cross
section that 1s consist_ent with the constant valug dcr/dt:'l0 = 3,4210,:28 ;.lb/GeV2 over
the entire range. When fit to exponentials the coherent and incoherent t
(- momentum ;t‘r;ansfer' squared) -slopes are 6742 (}eV’_2 ar;d 9.9&6.5 GeV—2 for this
momentum range and are édnsistent With previous measufements ofxthi‘s proce.ss.
The érrors quotgd are statistical,

' We have :oibset-w}ed neutral 2- and 4-body photoproduction from beryllium,

aluminum', copper, and lead fargets using photons of 50 to 140-GeV momentum for

two-body states and 60 to 180 GeV for four-body states, On all four elements

sharp nuclear coherence peéks are observed at small t in both Itwo- and four-body
channels whe.n 'analyzed as all pion final states. On all elements the coherent t
slopes for 4w photoproduction are consistent {vith the better-determined slopes
fromyZn production and yield nuclear radii estimates’in the range 1,1+0.1 Ai/3
fm for a Woods-ngon nuclear density, For an optical model analysis of the 2=

/3

and 4n data we adopt the radii .12 A1 fm with a Woods-Saxon density'wi'th no
correlation covrrect‘ions. This model is quite successful in fitting do/dte_0 for low
energy p photoproduction,

The 2w production is dominated by the p (po,_ 770) for which we use a relativ-

istic Bg‘éit“Wigner mass distribution with a phenorhenological interference from
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nonresonant 2w pi‘oduction. We input fi.xed va]ues of p mass and width to all parts
of the analysis, using 770 MeV. and 150 MeV respectively, The 4r data are well
fit by the sam‘g type‘of mass distribution as used for the p, with no background
prov'ision. We obtain a mass of 1487+20 MeV and a width of 675£60 MeV, attrihut-
ing‘ ﬁll of this signal to the p! [called p!' (1600) or p' (1500) in the literature].
'I‘heA op’ti-.cal model, applied to the p and p' data, provides us wigh a determin-
‘ 2

ation of the i‘étio of the p-photon and p'-photon couplin consténts: f o /f =37
_ p P piing ot '

40,7, This result is in excellenlt agreement with the predict'ion of Generalized

Vector Meson Dominance (GVMD): fp,zlfp2 = mp'zlmp2 = .3.7i071.A By using the
accepted valine fp2/4n = 2,54 for the p-photon couplihg constant, ‘§\re e:'<tréct the
p'-photoh"coup-ling 'constanf‘fp'2/4n = 9,5%1,9 in good agreement with the storage-
ring results, -

| lThe A (nucleon number) dependence of p and p' photoproduction cross
seclions from nuclear targets are strikingly similar, Using the conventional
assumptions émb’odied in the standard optical model -of diffractive photoproduction
from nuclei, we détermi_ne the ratio of the p'-nucleon to the p-nucleon total cross

section: op,/op = 1,05+0.18. This result is totally inconsistent with the diagonal

version of Generalized Vector Meson Dominance (GVMD),I which predicts Gp'/cp

2

, = 0.2740.01. Both the standard optical model and the diagonal version

=m2/m
M,

of GVMD assume the absence of transitions between different vector mesons (e, g.,

‘pf p'# p). We interpret our measurement of Gp'/op = 1.05+0,418 as providing

strong e.viden'cc for the necessity of including off-diagonal terms in GVMD,

As expected, high-engrgy photoproduc_tion provides ‘a fer'tile'environment for
testing models \v'bich attempt to describe the relationship between the photqn,and
the vector mesons, This thesis has described the first high-eqérgy photopro-.

duction results to confront these models and has illustrated that the diagonal

/
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version of the Generalized Vector Meson Dominance model does not adequately

" describe the data, -
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APPENDIX. OPTICAL MODEL OF VECTOR MESON
PHOTOPRODUCTION FROM NUCLEI
Because the optical model is necessary for extracting the information on the
basic reactions {from photoproduction on nuclear targets we spend some time
"developing it. ‘The basic ideas are present in the case of elastic scattering of a
hadron from a nucleus so we v;/ill show that in some detéil [Glauber, 1958, 1967,
1970} and then g'cneralize to coherent and incoherent particle production more
rapidly.
Let us start with the familiar partial wave expansion for scattering.
o 1 2;61 . ) ’
f(B) =5 z (20+ 1) (e -1) B, (cos0). - (A.1)
£ ’ .
P! (cos 0) are th.é‘Legepdre‘ polynomials, 61 is the phase shift for the £th partial
wavc, kis the particle momentum, and £(8) is the scattering amplitude. This is
merc:ly the §¢attering solution to the Schoedinger equation and when written in this

way implies

.gdg = |f(e )I2 scattering differential cross seetion - (A.2a)
O, = in Im £f(0) optical theorem. (A.2b)

T k
We are interested in very high energy scattering so we use a large k
approximation. Go to impact parameter representatidh vial = kb'- 3 with a

continuous impact parameter, 61 ~ X (b), d¢/db = k.
f(0) -ik bdb [le‘b’ 1] P, . (cos0).
kb-3 * 7

———Z =
rl;Ln:o P 2)‘ .JO(Z)

Use thc rclatlon . 2
(-
2n
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and recall " 0 _W
) U\ N T2
to obtain
© vy ' .
£(0) = ikf bdb [1 ) ezm(b)l Jo[Zkb sin(%)]. (A.3)
0 ) '

Since we are going to limit our discussion to cases of axial symmetry about
- the incoming pariicle direcfion we can recover a more familiar forrh by noting the
following, where _}:t is the component of momentum given to the scattering particle,

perpendicular to the incident direction.

J (i) * 1'[“"12 cosode‘ J (Z)'.‘~JA(-Z)' k, = 2k sin 2
0 A A" 0 ’ . 0 - 0 ’ t - sin 2
for small 6.

A We then have

' . . -ik b :

k) =X [ ¢t ), (A.4)

4 t 2w

o T ) 2iX(b) .

- where we have made the following identification; I'(b) = 1-e . - This
function is easy to invert: :
. ’ ].T( -B : BN
R t o . 2 _
T (b) = 5o fe £k, )ak, (A.5)

\

" and can bc,shbwn (Yennie, 1971)] to be the shape of the scattering wave imme-

‘ diately downstream of the scattcrer; in the following sense.

.. ikz
incident wave: e

immediately downstream of scatterer = elkz - T (b) elkz. The T' (b) aré convenient

to manipulaté and because of the geometrical interpretation just given are called

profile functions:
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The nlez'ct basic assumption is that the phase shifts from collisions with the
nucleons in a nucleus are additive. Thus we assume implicitly that the nucleons
do not overlap, or, if they do, it does not affect the phase shift they contribute to

the scattering. This assumption can be written as

X(bnAsil""'lsA)'= Xi

3

- -
s

(b -

' y) s (A.6)
for the A nucleons in a nucleus. The —éi are the transverse position vectors of the
nucleons.

The picture of what we assume is illustrated in Fig. (A.1)

-s1 ~ @ . K is the momentum of the projectile

- .
and the s, are the transverse component

. .
k . v of the nucleon position vectors.

Incident Wave

Fig. (A.1)

The prdjeétile (or ihéidént hadron) is assumed tolplow, straight through the
nucleus coll‘c_cfing phase from the stationary nucleons as it goes. We can sum all
nucleons because a '"miss"’ is-taken care of by a zero contribution from the

" missed X(~t; - Ei); Obv_iously from the definition of I'(b) and the assumption (A.6),
the following colrx'iposition formula is implied for the I‘(B - ;i).
. o A
1- PA(-I;) :E [1-T(b- sTi)J for A nucleons. : (A.7)

"Now ;ive rieed to évaluate (A.7) between tlle'groundstuté waQe functions of

the nucleus. This is a very complex problem; however, we ca'n achieve a great

simplification.by making some major approximations to the nuclear groundstatc.
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We assume that spfn and isopsin are not important and all nuclei contribute
identicaAlly. to high-energy scattering. Also thc precise spatial interrelationship of .
fhe nucleon; ‘i‘s very complex, but we assume an independent particle model where
one density desgixjibes the positions of all nucleons in the fo]}owﬁng way.

A

|¢o(r1,...-.,rA)| -pA(rr‘....-,rA)—i[=|1*p1(ri) - (A.8a)
where
(@ f (T T d dr (A.8b)
Py J oplr,r,,.... b Tp)dir,. A .

Using this independent particle nuclear density and Aour‘pre'vious assumption
about the non-importance of overlapping between nuclebx)s we can evaluate the

nuclear groundstate contribution to hé.dron scattering.
A — 3 - e .
1,_14 )(b)=“fd rf.[1—1“(b-s.)]pi(r._)‘
“i=1 i i i

(A.9)
- [1 f &’r r(B’-E)pi(F)]A.

First we relate this result to the ""smeared' density seen by a finite size
projbctile'hitting the finite size nucleons, 51(5', z). If we first note by Formula -
(A.4) that

o re-9ds - Eao, (a0
where f(0) is the forward hadron-nucleon scattering amplitude', we are led to

define 51(5., z) by the fdllowing relation.

fd3r F(5-35)p,r) = 2 f(O)[ 5,B.2)dz. - (A.11)
] -
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A standard notation often encountered is T(ﬁ), which is just the amount of nuclear

N . . . i tug
material encountered in traversing the nuclear at impact parameter b,

T(D) = Afpi(g,z)dz =fn1('b’,z)dz. (A.42)

We have intréduccd ni(g‘ z), a normalized total density, We can define analogous

"twiddle'" versions, ’.I"(b)‘and ﬂi'(l_)’, z), that are "smeared' by the extent of the

hadron-nucleon interactions, to abbreviate relation (A.iij.
T(b) = Af 5,5, 2) dz =fﬁ1(_5,z)dz. ' | (A.13)

By using the optical theorem (A.2b) and defining « as the ratio of real to
imag'inary part of the forward hadron-nucleon scattéring amplitude, we can write

ik

f(0) --—oT(i-ia), . (A.14)
' where O i.s th'eA hadron-nucleon total cross section. Using the above definitions’
and relations \.ve obtain
fd3,r r{-3)p,(r) = %aT(i; ia):i;(x——b’). S | (A.15)
A little thought shows that
To) 2R 1
A (% nR3) . 2r%

where R is the nuclear radius. O must at most be the size of a nucleon so that

as A gets larger, %oT(i - ia) 'i‘(—b.)/A gets smaller and we can use the follp_wing_

approximation for (A.9).

1- I"(A)(b) [1 -fd3rr(6 -3 pi(;)]A = exp[-é-o,r(i - ia)'"r(B’)J. (A.16)
In the limit of small-angle scattering and potentials small and slowly

varying compared to the kinctic cnergy one can identify a phase shift from the

riNg).

Schroedinger equation and d_érive a potential theory expression for 1 -
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- i @ -
1 - rpot( ) = exp [- -Z—E‘I’-‘-DU(b,z)dz]. : . (A.17)
.So that we can think of a nucleus offering an effective potential of
U _.(5,2) = -41(0) f1,(b. |
A eff :Z) - - ( ) 1( 02)' (A.ig)

We now have a solution to hadron scattering from a nucleus, by substituting

(A.16) into (A.4) and then applying (A.2a) to obtain do/d2.

_ =

. -ik b
ik .2 t 1 ) o
—and bec {1-exp [-aoT(i-m)[mﬁi(b,z)dz]}.

Now to gain some insight.we try a simple exémple at this stage that is familiar

do |

dsr (A.19)

from ordinarypptics. We use an effective nuclear shape thatb is a disc of radius
R and -lcn‘gth 1,  perpendicular to the beam, evén thoug'h' a spherical shape casting
this kind of shadow is not too physical for a real nucleus. Note that ﬁi(l_;, z) inte-

"~ grated over the nucleus is normalized to A as.is\ implied by its definition. We

assume that the in'cident, particle i_s'lonly absorbed, « = 0. |

| A

'2 b<R; 0<z<l
1R

. ﬁi (_l;,‘z).
(A.20)

0 elsewhere.

1f we do the ¢ integration to recover our Bessel function, we have

£(0) =ikf bdb J, [Zkb sin(-g-)] {1 - exp [ "zIf Ei(b,z)dz]} . (A.21)
: o 1 :

R ) o\ .
=ik bdb J [Zkb sin (—)] C,
0o 0 2

where
- orTA

2 nRZ

C=1-exp|-

By using fx Jo(x)dx = xJi(x), we obtain

CRJ 1[21( R sin (g)]

2k sin (g—)

£(0) = ik
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2 (o

i J, |2kR sin |=
do _ 2 224 1[ (2]
-d—9—-|f(6)| = kK°C°R L

” o . [sz sin (%)]

2 2 2 -
Interms of @ =k 6 at small 6, and expanding Ji(x) and e ¥ and equating like

(A.22)

. powers of x, we obtain
2.4 2 - ' .
. 2 2 _
9 =X RC expl-r%%/4), « (A.23)
with q being the momentum transfer in the scattering.
We can now usc this simple example to gain insight into the behavior of the
model. The qz dependence is only related to the radius of the nucleus and not to

the opacity which is in C2 viag,.. Toa good approximation this behavior holds

T

for the complete theory and observation. Our p photoproduction data are well fit

by an exponeniial at low t and the slope is very consistent with that obtained from

g (3.1) photop;roductiqn from the same target, even though the O for p-nucleon and
¢ -nucleon scattering are quite different. This means that the detailed shape or
slope of the coherent péak (where the nucleus xs acting é.s a whole) tells us about
the nucleus and not about t‘he‘ interac-tio'.n of the incident particle. Although approxi-
mately true gxperimentally as we shall see, this is not an exact geheral result of
| the theory, but depends on the nuclear shape.

The abs,;olgte n'ormalization,‘ on the other hand, does debend on OT through :
its appearance. in C. Thus we cap measure g . by requiring that it have a value

that gives the correct normalization. Yet another method of getting at o, is pos-

T

sible and to sce what it is we expand C for o, small and large to sec how the

T

normalization depends on A\, the number of nucleons.



For o,,, small

'1‘
oA 2 cr-zA2 |
2 T - T |
C =1|1-ecxp 5 = 53 |
- ' ) ' o 2tR 47 R
and still fof OT small we obtain
L2 2.2
do _¥OorA 2 2
— = ———=—— exp (-R"q"/4), : (A.24)
ds2 2
161
while for o large we obtain
‘do _ k°R 2.2
@ T exp (-R"q /4). | (A.25)

Assuming a constant density for nuclear matter independent of A; the large ¢

/

T

limit goes as A4 3 beéause then volume « R3 «- A. "Thus the normalization for

-’/3, foro large and A2 for o,

: T

' : do/dQ? varies as A T

small. Then if we choose a

2 as a function
q-=0 ’

independently of overall normalization. What is

value of Orp for our model that gives the right'variation of do/dﬂlA .

: of A, we will have determined o
necded is a series of different nuclear targets to get the: A dependence to be {it by
the op'tical~mode1. We can preview here the difficully of this épbroach in photo—A
production because it depends on something that we already hgve in the elastic-
scattering case. Naturally 611c must use a reasonable nucléar l'model, but élso we

cannot assume.a = 0. The problem is that independent unique values of 0, and «

T

cunndt be simultancously determined from this analysis [Spital and Yennie, 1974b].

T

or from a fit to an A dependcnce using only relative normalization between différ-

In summary we can obtain o, , from the overall normalization on one¢ nucleus

ent nuclei. In both cases @ must be-input as an externally defined constant.
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-Aside: It ils also worth noting that a nucleus with fuzzy edges will remove
the zeros of the Bessel function result and yield an exponential in -q2 out to larger
qz. One can see that in our elastic scattering model this will occur if one com-
pares the following integral with the form of _Eq. {A.21) and (A.23).

® 2 -q /4a
f e ®® 5 (qb)bdb = ©
0 0

This case (Gaussian) and several other integrable ones are worked out in [Feld,

T is not confined to the nor-

‘malization as it is cxactly for the black disc model. End of Aside.

1969). One point worth noting is that fhc effect of ¢

One of the points that may have come through in the discussion of finding O

for elastic hadron scattering was: Why bother? One can make a beam of hadrons

T but many hadrons

and scatter them from a hydrogen target (protons) and get ¢
like the p are not stable enough to form into a beam to hit a target. The p life-

23 sec, and at 20 GeV travels about 40 fermis before

- time is about O‘.SX 10~
decaying. This is ldnger than the larg'est'nuclei but very short on the atomic
scale. Thus this indirect approach to o p may be the only way to measure the
hadronic inter_actions of many shortv-lived particles. As we are about to see, the
diffractive production of the p ils very ;ﬁuch like p elastic scattering in the optical
moc"iel and the same épproach to T is possible in photoproduction as in the
. (hypothetical) p—nucleﬁs clastic scattering just discussed.

Nd\v we very briefly sketch the development of coherent p‘hotoprodu&ion of
neutral'v'ector mesons. To be déﬁnité we shall always talk .about the p,A but the
arguments ancAl. results arc identical for all.other neutral vector meso"ns.l We work

with the profile functions a'nd.comb_i‘nc them to build up the total profile and from

that determine the production. We need a new kind of profile function, however,
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that will describe the production of particles. So in analogy to our old clastic

profiles we define

r  ® - T, f exp (iF, B 1 (K d’k,, (A.26)

where the profile function 1"yx describes the -scatte’ring of a particle of type x on a
nucleon to a pérticlc of typc y, which in principle could transfer quantum numbers
to the nucleoh: 'No such transfer occurs in the case of inferest to us, FPY (—IS),
which describes the photon to p conversion on a nucleon. I"Y (b) is the y toy
" scattering and is like 'tlie elasti_’c profile functions we used be‘fo-re,"similarly-I‘p (?5).
As one “;ould cxpéct from VMD FY is éf order e2 and FPY is of order e and we will
work to order ez; .
If now tﬁc photon encounters a nucleus we must account for the transmission

‘ of the 'plfpton and the ability of‘ the photon and p .to scatter back and forth via FPY
and FYP" Initially the photon Has amplitude 1 and the p has amplitude 0. Each
amplitude ha’.fg different wave number, k for the.photon and kp for the p, so that as
th_cy scatter on nuéieons at different z positions, we must keep trﬁgk of the rela-
tivé phase of thllc'two plane waves of the form e?kz. After the first.nucleon,
lﬁcatcd'at impact purameter ga' the photon amplitude will be 1 - FY ('13 - ;a). qu,
however, the p amplitude will be non-zero, —I‘py (—t; - ga) exp[i(k - .}cp) za]. The
_phase comes from the fact that this amplitude is for a p propagating with
éxp(jkp;), while at z:__l where it was created 1t had‘ tile photon phase, exp'(ikza)'.

At the ne.ﬂnuckon, which we shall label ¢ to avoid double use of the letter b,
n;_orc intcr;‘sting things can happcn. The photon amplitude, in addition to scat-

tering as at nucleon a, can get a piece from the p component converting back into

a photon component. Kceping terms of order e'2 allows all of the following
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possible contributions to the amplitude: vy - Y. Y - P=*Y, p=yY—~p,and p~+p
‘ 2
-~ p - p, ¢tc. So to order e the p and y contribution after 2 scatters are:

-

y: i- 1"Y (b- sa) - FY(b - sc) + FYP(b - sc) FPY(b - Sa) expli(k - kp)(z’a - zc)] (A.27a)
Pt - {Fp'v(b -s.) exp[i(k- kp) z ]+ [f -T‘p(b -sc)][pr( -Sa)eXpFi(k -kp) z, 1} (A.27b)

We will write down the p after traversing the whole nucleus. Continuing the
above process it must-have a I‘p to make a p followed by (1 - I‘p) on the remaining

nucleons to account for the p leaving the nucleus.

-

(A)—D.—# _ S~ _ - _ —>-—> .
PPY_ (b; 8) -Z{ E? {1- Fp (l? sj) ] (Zj Zi)]} I‘pY(b si) exP(lApzi)’ (A.28)

where A =k -.‘kp = mPZ/Zk at large k. The 6 function is é step function to insure

i

that the p only sces nucleons occurring after the one where the 4y_—p conversion
takes place. Read right to left (as quantum mechanical operations always are)
(A.28) is exactly what the statement preccding it advertizes it to be.

As an aside we can see that our expression for 'I‘pY(A) satisfies VMD for the

- whole nucleus. For p mesons only, VMD requires that

r = r = T (b). . A.29
P =g T ®r-g T ®). (A.29)

By VMD for the whole nucleus we mean that the_profile funcfions for the whole
nuclecus F(A) obey (A.29), wﬁich is for a single nﬁcleon. This can‘ be done via a
simple trick who;.‘re, .as we have been, we follow Yennie. In the demonstration
one is forced to ‘ignore the ph#sc factors, which can be done as k gets large.
1.ooking at (A.H7) we see in our slightly modified notétion..

(A —_ e
r ;8) = i- 1-T (b - s,
Eyp P (b s} gY?{ " [ p( 93)1}

’ . e

This cin be rewritten as
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1) 1 - Th-spotz-z)l e g T (008

g I‘(A)(b s) = T ( 5,5, . (A.30)

thre (A.29), nucléon-fahoton VMD, was used in the last ste}S. Thus at high
energies VMD applics té the nucleus as a whole. This result alsé indicates our
earlicr s_'tuté.m(::-nt that p photoproduction could be upderstood by studying the
hadron-nucleus scattering c..'asé._

Now we want to take (A.28) and make the approﬁ{imatioﬁs made earlie.r on
ha‘dron-r‘xucléus séattcriﬁg to ge;c the result equivalent to (A.19) for vector mesqn
photoproduction. To do this one takes the nuclear ground state e)';peci'ation value

“of (A.28) u_sing the indcpéndent particle model just as on (A.7). Again one
exponentiatcs_ the absorption factor after ‘assumi’ng fhat the density for the nucleus

varies more slowly than the TP or rpy' just as before. The result is as follows.

I (1\)

) (0)] dz 8, (B,2) exp (i A)(,\p[ Yo (1-ia )f B, ®.2 )dLJ (A.31)

whefe our notatlon is just as before. Op and ap are o, and « for the p in pérticu—
lar and are the p-nucleon total cross sectionand the ratio of -real to imaginary part
for the forward p-nucleon scattering. f (0) of course is thc;; forward amplitudé
for photon to P scattcrmg on a nuclcon Notzce that the ﬁ tlmt appears in the
exponential is from the p absorption and was present in the elast1c scattermg case.
.'] ‘he other ﬁi ;{nd fp-Y(O) arc from the photon-p scattermg, so that in pr1nc1ple the
two‘fiv1 coﬁld bL; differcnt, but we egpect the two to be éimi}ar even without
assuming VMD.. In VMD one has:
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ik '
f (0)=g f (0)zg —=—o (1-ia ). A A.32
o (0 e T Og oo (1 ia ) (A.32)

- Using (A.4) and (A,31), weé obtain for coherent p photoproduction,

coherent
do » _ 2 , 2 )
T (YA =~ pA) = | N_g (t)] |fpy(0)| L (A.33a)

‘ 2 . -~ g . 1 w m..—’. 1
Neffm -fd bdz exp (i kt b+1i Apz)ni(b,t)exp[ Zop(d }ap)j; ni(b,z)d/,],(/\.33b)

\\;here t = —(kt2 + q“Z) is the invariant momentum transfer in the reaction.

In the discussion up to now we have used the ground state of the nucleus and
h‘ave madé no provision for the nucleus changing its state. The scattering from
the individual nucleons adds in the amplitude and the nucleus recoils as a whole
zix.ld' casts a shadow zin_d corf‘esp()hding diffraction pattern ';hat reflects the size of
the nucleus, Th@s scattering cannot persist as the dominant form at larger q2
'how'ever because as more x;norr;enttxm is transferred to the nucleons in a nucleus
they eventually get knocked out or exci‘}ceduand the nucleus no longer acts as a

_ whole. 'Fﬁis kind of .s'cattqerin.g is called incoherent, because the nucle:on scat- '
terings do not-add' coherently. The method of calculating this scattering uses
clos'u.re, a sum over all nuclear final states, becausve we _dc; not know the nucleus
final state and we obsérye scattering in principle with all final states,

Let us work with elastic scattering again as it is simpler than broduction,
:and we kﬁow from VMD that i?. is bgs_ically similar to ve;tor meson photoproduc -
tion at high enérgies. Before, we took the final state of the nucleus to be the

_ground state <0.‘| . but we can have a transition to any nucleon final state <f| with

a resulting profile function,

| a L
5% - Tro )(b)=<r|[1-ﬁ )(b‘j;si‘)]|0>, S - (A34)
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The 6 functibn results from the orthoginality of the nuclear states and I‘(A)(-Sj;_s'i)
is given by (A.7); The amplitude for a nuclear excitation process is
1
o ° ;k fe\p( SURIIRY (A)(b)d b, (A.35)

where k' is the hadrons' momentum after trayersing the nucleus. Since energy

loss in the. nucleus is small compared to the beam momentum, .we will ignore the
difference bétween k and k' from now on. The cross section for scattering, with
any possible nuclear state rem.aining, then must be: (the "cl" stands for closure)

do

L3 ZH-d bd b'expllk -E)]<o|r‘A)' (g;>§)|f><f|'1“(A)(bk_v)‘;§)|0>

K ffd bd b exp [ ik, (B'- b)]<o|r‘A’ A o>, (A.36)

wherc the second step uses the completeness of the nuclear 'states. Now since the
sﬁm over the final states must include the ground state to use closure as we just
did, this result conlains the coherent result in it and if we want-the incoherent part
alone, We must subtract the coherent part out, As in the coherent case we make
the independent particle approximation for the nucleus as ‘embodied in (A.8). At
t};isApoin't' the manipulations grow cumbersome, but they are not subtle, We just.
substitute (A>,7)v into -(A.36) and using (A.8) we multiply out all the terms and
identify and re'mo've'those which make up the gdher'ent result we calculated earlier,
"

The result can be expressed in the following way, where the "inc" means in-

coherent,

4do. 2. )
) d;)nc = —k—z—f dzl)dzb' exp hll’ o - B)] X {[MB,B’) +p (S, B")]'A - [)\(B’, B")]A} (A.37a)
4n - !

w’h'c’re END) ) = [ fl (b - S)p (r) d r] [1 -fl‘ 1-s )p (" d r], (A.37b)

and
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— . e - = — 3 ’ — —o - — -~ 3
p(b,b?) = f I'b - S)P*(b'~s)p1(r)d r -/F(l) - s)p1(r)d3r/I“*(U-s')p1(x‘)d r'. (A.37¢)
The X function has the appearance of an absorption term squared and the p function
looks like a scattering term squared, when compared to our earlier work. Thus

if we expand the products in the curly brackets in (A.37a) we obtain the following.

Al JAAN A2 2 (A.38)

AX B 3

t'l‘he first term is scattering from one nuclear and absorption from the next, the
second 1.er1n is scattering from two nucleons ;;tnd absorption from the rest, e}c:.
To the extent that p-nucleon scattering is absorptive we expect the single scat-
tef‘in'g term to-dominate, and we will make this apbroxim'atibn, “without claiming
that the otlher terms.are really negligible, so as to obtain a tractable result,
Als‘o we will not work at:the smallest scattering angle.s, breca_use.in that region
coherent scattef_ing dominates in any nucle\iAs of the size of beryliium d;‘ larger,
S'ince_ p1(?) is normalized to 1 integrated pver the nucleus it must go 11'-k‘e A_1 $0
that the sc_acmﬁd ;errn of u can be neglected, It is also more spread out in b and b!
and hence falls faster away from forward scattering, As before we.éxponentiate
fo'r'large A an_q as_;sﬁme that the nucleons' size, as given by the F;s, is small

compared to the nuclear size as given by ni(;-.) and end up with

do‘in(‘ kz 2 2 - — - 3. - - g - - —>

————] = —="d bd b'exp [ik . (b'-bafd r'T(b-sHI (b -sYHYfA, (r")

ds 2 t |
‘ 4 . .

X exp [-f[l“(§-§)+ T*(S"-E”)lﬁi(?) d3r] (A.39a)
23 - L
= |1 fd v expl-o TSN A (F) ~ (A.39D)
= N, el - - (A390)
1 A ‘ o ’

where ”Kt) is the amplitude for scattering from a single nucleon. Many approxi-

mations were used to arrive at (A.39b), but it contains the right behaviors., In



normalization, then we see that there is hope of determining o
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the region away from q2 =0 (kt =0), where we expect the scattering to no longer be

dominated by rccoil of the whole nucleus (coherent scattering); the ciz dependence

of the scattering is essenfiaily that of hadron-nuclcon scattering, but not A times

as strong becau§:e. of shadowing cffects. Thus N1 is to be thought of as an effective
number of nuciebﬁs seen vby the incidcnt hadrons. We can sce this ¢learly if we

look at‘ the case OT small. From the normalization of ni(;') we sce thatt'N1
approaches A as we would expect with the nucleons no longer shadowing each other.
Thus in this approximation and away from the région dominated by the diffractive
peak vull the q2 bchavior is from the underlying hadron nucleus scattering and only
the nérmzilization is affeéte;d by the nuc].eﬁs. If:'w.e'notAi.ce that. N1 depcﬁds on o,

is different than the A dép'endence of the coherent

and that the A:debendence of N,

T by looking at the

incohercent part, much as with the coherent part from the normalization on onc

nucleus or from the relative normalization on several nuclei (A dependence). Alsa

-since the A dependence of the coherent and incoherent normalizations are different

one could in principle determine o, from the relative normalization of coherent to

T
incoherent production on a single nucleus. We make a tentative statement here

because the theory of incoherent scuttering (and production) from nuclei is not as

wecll understood as the coherent case and results based on the normalization of

_incoherent reactions are correspondingly less reliable.

In o.rde.r"tc.)v dctermine 1§he eéuiva}ent results fpr inco_herent ‘vector meson
photpp“ro‘duction to ,_thos\e juzst exhibited for incoherent sg:atteri'ng, we use closure
alllnl fhé indcpondcht particle and other approximations -just used, however, we
st:;'l‘t with the profile function for vector meson photoproduction (.-\..28); The
incoherent part of the reaction results frorﬁ' pairings of I and 1;*" for the same

nucleon (we ignore nucleon-nucleon correlations at large angles as before), sce
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(A;37) and (1&.'_38). The amplitude is made of two pieces, one w_here_the incoherent
reaction occurs onthe same nuclecon as the y-p transition and the bther where the
I'*T" pairing for the incoherent scattering occurs dfter the y-p transition has
occurrcd on an earlier nucleon. The result in our standard notation is the

«followingu

1

do, ‘ ‘ T
" Tinc, VMD .12
—re— (v -+p) = A.40a
e (Y -+p) lfpy(kt)l‘ N o ( )
Neff =.fd raﬁi(ra) exp -opf ﬁidz )
. Za.z
2y 1A . Z; . i r<a .,
X1 -f dz g Yo (4-ie)e ° Y exp [—%0 (1 -1ie) fﬁi(b.zz)dzz] (A.40Db)
5. L 17p P - P L s '

© At large K this is reduciblé to the following result, the obvious VMD result from

clastic scattering (A.39).
o = ¥ )exp|- S ,z.)dz_|. A. 41
_ Neff fd rani(ra) cxp[ Cp[:i(sa 72) ZZ] | ( )

- The reméining input to produce a complete model of vgctér meson photo-
production from nuclei has to do. with the details of describing the nucleué. In the
indepéndent p.ar.ticle appirqxim.ation we have used t'his‘consist-s of determining fi (F)
for all tI)e3 l_)l‘lC'l'elli. we use.. Many previous an.aly‘ses4 of vector mgson:photoproduction'
from nuclei han aiso includ.ed cor‘re;:tions té the independent .partic_le model, This
takes the form of two-body correlations and are not an important factor in the
" model, We do not include these effccts,:. molivated to use the mode; wéthoixt them
because they are so poorly gnderstéod [Spital and Yedr_\ief, 1974b] and bfecauSe large

A\ . -
analyses of this type have been successful without them [Alvensleben et al., 1970].
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Previous workers have generally used one of the following two forms for
their optical density functions, although some analyses have used more primitive
- parameterizations.

(r-Cy/ng |\

ng 1+e - Fermi (A. 42)

'n(?)

2, 2
. rZ -r /aO
n0 1+ 6 - e i Shell Model (A. 43)
a, ' ‘

n (?)

a

The parameters of the two models are C, 2 6, and no. These constants can

£ 0’
be determinéd from e'ithexl" theory or results from other experiments such as
electron scattering, or c.a;n be determined by thé photoproduction data itself. For
_exz;mple, the nuclear radius (C in the Fermi model) is the primary determining
factor in the qz' {or -t) slop:e of the dif‘fractiv.e photoproduction.cross; section in the
coherent region, just as it was for the simple grey disk scattéring model we used
L . . earliev,
-The Fermi mod& 1‘-3 generally considered to be mbre accurate for larger
nuclei, and the éhell modél is preferred forl light nuclei such as beryllium.
However, [A]\l'énslel)en et al., 1970] use tﬁe Fermi mbdel on nuclei of A down to
9 ‘(be;'_ylliuin) with-good success. [Spital and Yénnie, 1974] add a large number of
small corrections to their op_ticul model, including the use of the shell model for
Be and C. ’1‘liey end up with results essentially i.dentical to thoée of
[Alvensleben gt al., 1970] when using the same data,
‘. Thus we follow [Alvénsleben et al., 1970] in three major respects, We
neglect_m)rrcia'tions as théy did, We use the FFermi shape for alle nuclei as they

did, We adopt their nuclear radii, measured under just these assumptions, from

p photoproduction,
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o _ Us
| C-= COA / ; Co = 4.12%0.02. (A.44)

‘ ) : z {s fixed at 0.545 fm, a value used successfully in pfevious analyses. n, is
defined by rt':quiring the volume integral of ﬁ(?) be equal to A.

We have dcfined a stir-aigh.tforwaArd copventional optical model of a kind used
quite suvccessfully in the past. A study of the model parameter dependence of the
optical model resulis ('|fm{(0)|2 and cp) is carried out in Chapter IV along with a

test of our implementation of the model, on previously analyzed low-energy p

photoproduction data from another group,
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