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1. Introduction
Duality between hadronic and quark—gluonic degrees of freedom in intermediate energy strong
interaction physics is, and up to now, an unanswered principle in the area of modern particle
physics. On the one hand, for Q@ < (1 —2) (GeV/c)? where Q? is the squared four-momentum
transfer, the statistical properties of hadrons and interactions between hadrons can be described’
by hadronic degrees of freedom (e.g., 7-meson exchange diagrams, s and ¢ channel resonance
exchanges, etc.) as well as by the quark—parton representatlon, and'by quark to hadron frag-
mentation functions. On the other hand, for the same region in Q2 quark-gluonic degrees of
freedom and perturbatlve—QCD (pQCD) descriptions of hadrons start to become important. Tn
this transition region, where Q2 ~ (1-2) (GeV/ ¢)?, the descriptive power of hadronic degrees
of freedom is decreasing; while at‘the same t1me the importance of the quark-gluonic sector is
on the rise — up to full domination in the region Q2 > (2 — 3) (GeV/c)?. Here lies the interest
in studying this transition region from the point of view of strong-interaction dynamics.”
In the so-called transition region, as we think, arise non=pQCD interactions between hadrons.
These interactions find there realizations in phenomenological models, such as quark hadroniza-
tion and nuclear color transparency, with respect to hadrons produced at high Q?: For instance,
the study of the space-time evolution of hadronic final states in deep-inelastic scattering is an
interesting, yet at the same time, fundamental subject. The principal question is when quarks,
are struck by leptons or other currents, one would anticipate to observe the quarks in the final
state; however, only ordinary hadrons emerge." Investigating the detail of the space-time evo-
lution of the hadronization process in electroproduction, the time when the quark is hit to the .
time when the final hadrons appear as asymptotic states, one should learn something about the
dynamics of confinement. Many models, such as the parton model, have been employed to un-

" derstand the dyna.mrcs of hadronization. We discuss this concept, in"detail, in'a later section of

this proposal. Heré we would like only to emphasize the close relationship between the transition
region and the phenomena of quark hadronization along with nuclear color transparency.

In this document, we propose to investigate the decreasing mechanism of the hadronic com-
ponent (A, p, etc.) simultaneously with the increasing quark~gluonic component from the .
inclusive electroproduction of charged pions in the transition region 1.0 < Q? (GeV/c)? < 2.5
and W > 2.0 GeV. From this study (amongst other thmgs), we hope to understand the space—
time evolution of quark hadronization via a Q?-analysis of nuclear transparency through the
inclusive (e, e'7+) reaction on 2H, “°Ca, and ™®Pb nuclei. We also.plan.to determine the con-
tribution from' A"and p hadronic resonances to ‘the inclusive.spectra of electroproduced pions, -
and investigate the electroproduced | pion charge asymmetry 7(z, Q%) from the proton data (see
Section 1II for further details). Lastly, to acquire knowledge. about these toplcs w1ll g1ve us'a

_deeper understandmg of nonperturbatlve—QCD dynamlcs

The format of the proposal is as follows: Sections I1.1. 1-3 cover ‘the theoretlca.l development
of various inclusive pion electrOproductlon channels that we: employ to set’ properly the: physics
content in our proposal.. The rest ‘of Section 11.1°deals with" prlor ‘experiments performed-at
DESY positive and negative hadrons produced from inelastic e—p scattering at incident electron
energies of 7.2 GeV. Section 11.2.1 discusses various theoretical ‘developments concerning nuclear
color transparency and interactions of produced pions traversing the nuclear medium. Section
11.2.2 canvasses several models that interpret the phenomenology of quark hadronization. The
rest. of Section I1.2 deals with the rescattering of pions produced as they cross the nuclear
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medium and the few experiments that have studied the inclusive leptoproduction of hadrons in
~ -atomic nuclei:. Section III details the goals of our experiment, expected background processes,

multiple scattering of pions, and expected real event count rates, and some insight into the :

o nuclear transparency off-line analysis of the data. Lastly, because this experiment was initially

. “submitted to PAC T as a letter of intent, we discuss the observations made byv.th'e PAC azd the
eventual modifications done to our proposal, ’ :

*

2. Physics Motivation

2.1 Pion Electroproduction from Protons and’ Deuterium
v'2.1».-1«Proce_ss' ep = e'r*n: Formalism and Thevm‘-‘eti'ca‘l}lVIod‘els o

At fixed electron scattering kinematics, the maxlmum momentum of electroproduced 7+ -mesons

along the direction of the thfée—momyenfumk transfer is from the direct reaction ep — e’z tn. /

KF‘robrr‘l'thé‘pointnof “view of Feynrnan diagféms, this reaction is the simplest m*-meson pro-
duction process. The 7t-meson electroproduction cross-section ‘can be related to the pion
photoproduction’ cross section via the relation [1, 2, 3, 4, 5,6] SO
. d50' : ) X & b‘dzo" ‘ e : b'

. ) =T v + g L

‘where e E‘ e L
. 3 L _'wa B /) ) . .
TR o TCwmeE T P O}
-and K is given by - DN S \ : SR ST ‘
B A . K=(W2—‘mf,)/2mz . : oo ‘ 3)

Here:-Wkiils"vthé iﬁv&iant mass of the final hadronic system, m, is the proton:mass, and the fine
structure constant is a = 1/137.036. The polarization parameter ¢ is defined by

g

. i b

" where v = Ebea,,:.‘f; Ey is the ene;gy. transfer and 0. is the electron scattering angle. In general,
the cross section d%a/dQ; is given by: 0o k :
L d _dlor  doy  dorr . [e(te)der . .
. = € 2¢) - ————" 0 . :
@ T, T, e, eI g el )
- Here,n,o is -the angle, betweén the electron s_cattering V;.)Ia'x_lsei ana_ the pion '}‘)“roduct'ion pléiye,
d?ar/dSd, is the transverse cross—section, d%oy,/d(}, is the longitudinal cross—section, %07y [,
+is the cross—section originatinig from the interference between the transverse ‘c/Omponents‘ovf the
virtual photon and d?opr/dl, is the cross section arising from the interference between the

; t;é.nsverse,q.nd longit{ldinal ‘po.lar_izatiops of the virtual ;;hb_ton. - -
In the framework of the Born approximation, four diagrams are used to describe the reaction
components of.d 2a/df‘l,r. These are the s, t, and u~channel exchange diagrams along with'the

I

. approximately given by the following relations -

contact terms for the vertex 7¥prtn. The expressions for the cross sectior}s d?a; /dQx where
J =T,L,TT,TL can be found in Refs.[1, 2, 3]. Here we present only the lon.gltu.dma.l compom.mt
of the cross section in the Born approximation, because fo'r small ¢, the longitudinal cross section
is the main contributor to the pion production cross section :

2p . A :
(f:;;L ~ —QT-PL[F'.,2 + F? +2cos 9, FrFg] . i (6)
x 9 9q B

Where the values Fy and Fy are giyen by:

2 . . F, 2 F, Qz _FP(QZ) P 1‘]-_
F7=C7[(W+mp)£1';(9—)2—(2E,—qu)t_(Q2)+qot_(__) 21 ] ) (7)

W? —m? mi Q
and . K P
2 F(Q? F (@) — Fp(@Y)] -
Fyg=-Cg [(W =~ m,) WF;p(_Q"32 — (2B, — q0) i —‘(m?.-) T Q2 : : (8)

where C7 = +/(E1 + mp)(E2 — my) and Cs = V(E— m,)(E2 + mp). We vvzoilld like ‘to note
that all non-invariant kinematic variables in Egs. (5) - (8) and below in this subsectloﬁ,fare
with respect to the (7" p) center-of-mass system. E, and E, are the energy of the proton .etor:l
and after interaction, respectively, gg and ¢ = | | are the energy and momentum of the vir ua
photon, respectively, . ‘

» ! 2 : N
In the Born approximation, the interference cross sections dzarr/_ dQ, and . d UTp/er a,rev‘

d*orr

———= ~sin?d, e I (9)

an, | Lo

B d2O'TL ~ Sill ‘91 N ) . (10)‘
a, v ,

and are small in comparison to the other Born terms with respect to the direction of -tl'le‘virtua.l

hoton three momentum. - . S
g The results of the calculation for the cross-section terms d*o1/dQ, and d?or/dQy in the

framework of the Born approximation are displayed in Fig. 1. For the pion charge form factor
F,(Q?), we used the expression {7, 8, 4, 5]

S .
F«(Q‘z)%_ﬁm, - | (11)

!

i on mass. ) .
Whe;‘zr:;r;:eisi:rl:;rz;::nt to the Born Approximation by treatiflg the m}cleon form lflact;:rs as
free parameters (perhaps justified by the fact ‘ﬂ}ﬁt the nucleon is far off its n;a.ss‘she w] ter‘::z
the pion is near to its pole) .was undertaken by Gutbrod ax}d ‘K'reimer’ (3. 'WPIQYQWQEJ [5]
seen between the thedretical prediction of the Born Approx1mat12p .;anfl the S;;Rﬁ‘nﬁg'n : Th
For the nucleon case, the form factor value is about‘ 50% a.b.ove t.helr on-mass sl tlzl t;/la 1(11est. e
comparison between the Born Approximation and its modifications [1, 2, 3] with the data are

i . 4,5,9, 6]. o i
preslin:;;?sn;)rfc{);i:sa[z’ \?v’e 1’1se’ tile]modiﬁed Born Approximation [3] in simulating the process

ep— e'rtn.

.
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2:1.2 Process ep — ¢'nt 7~ p: Formalism and Theoretical Models

Cross sections for A+¥; A°, dnd p° production from the reaction ep — €’n+r~p were determined
Refs. 10, 11] by a maximum likelihood fit to the Dalitz density plot dN(M:,r+ , M2, )

AN(MZ0, M2, ,2) = [aA++ Fase (Myes)Wa(c0s Ia) + apo Fao(Mps-)
‘ " 4y Fy( Myt p- )W, (cos Vg, +apsts] AM2dM2, - (12)

where the quantities as++, aao, @,, and aps arefit parameters and gauge the size of the ep —
er-Att ep — e'nt A% ep — €'p°p channels and phase space like background contributions,
respectively; Fps is a constant which describes events distributed uniformly over,the Dalitz plot
and is-normalized to the p and A contributions.. Fa and F, describe. normalized Breit— ngner
distributions, e.g., for the p-meson we have F B,/1, with

‘M1r+1r" , ) I‘(Mrhr") N
(IMrhr‘ (M M1r+1r ) +MZ 2 (M"'+"T)

S

Here M is the mt7— effective mass and [(m) = [,(q/q0) (m,/m) Ur(qr)/U1(qor); q and ¢o are
the  momenta in the 77~ rest frame at the mass m and m,, respectively; r = 2.2 GeV~' and

=% [” et 41y —1] (14)

The normalization constant I,1s obtamed for a ngen event from an integration over the Dalitz
plot
1, = / B,W,dM> o dM],, - . (15).
¥
W, (cos¥y,) describes the p polar decay angular distribution in the helicity frame and is given
by
3 .
W,(cosIu,) = 7 [1+4 735 + (1 = 3r%3)] cos® O, : (16)

‘where ¥y, is the polar decay angle for the produced p with respect to the line of flight of the p

and the density matrix element 13} lies between 0 and 0.5. Wa(cosdya) is the corresponding

“ distribution for A decay {11].

The measurements with the Hall A HRS2 system, one spectrometer will be used to detect
and measure the angle and momentum of the the scattered electron, and the other will measure
the momentum and angle of the produced hadron (i.e., the 7~—1neson). In this case, the channel
x+x~p can be selected from the off-line analysis by the missing-mass condition M, = M+, < .
(m, + 2m,), where m, is the mass of the pion. We plan to analyze the obtained data by the
expression: k . W )
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The cross sections for A**,-A° "and p production will be determined by the miaximum ; 6000 £ 2500 E
likelihood fit to the expressions given in Eqgs. (12) and (17). The maximal and minimal values 5000 E g
of the quantities M,,+, M;;- and M+, are defined from Dalitz plot’ analyses. ' 4000 E 2000 E
Simulation results using Eqs. (12) and (17) for'the reactions v¥p = n*+x~p, 4Vp — 7+X 3 3000 E 1500 £
and 7¥d — 7t X are presented in Figs. 2 and 3. For the casé of 7t~meson production, the . 2000 E 1000 E-
contribution from the v¥p — 7+n channel are taken into account within the framework of the : ‘ E 500 E
modified Born Approximation. The deep-inelastic contribution, which is given by the last term . 1000 I | E L
in Eq. (17), will be discussed in the next subsection. ' ' _ o = p » 15 R 0 O 02 04 06 08 1
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Fig. 2 Effective masses distributions M.+, Mps-, M+ s- and z,- distribution from the
reaction 4Vp — ntr~p at Q? ~ 1.2 (GeV/c)? and W = 1.9 GeV with a 4r acceptance for
hadrons.- The parameter values aa++, @ae, @, and apg are given in Table 4.
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Fig. 3 Missing mass M, and z.+ distributions from the reaction 7Vp - X (up his-
tograms) and 7V D — 7+ X (down histograms) at Q% ~ 1.2 (GeV/c)? and W = 1.9 GeV with
a 47 acceptance for hadrons. -For the deuterium case, we made a shift-on the nucleon mass to
make the M, distribution.

2.1.3 Process ep — ¢/7*X: Formalism and Theoretical Models

The general inclusive hadron electroproduction cross section is given by [12, 13, 14, 15]

"dbo s By .o ;
dapaaap, @~ em X) =T eaptrp - m2X) (18)

where T represents the usual virtual photon flux. The invariant cross section for pion elec-
troproduction is usually given in terms of the quark to hadron fragmentation function D(z)
(13, 12, 16, 17]: ) ,

«

d3c ;
E,F(cp — 1t X) = 01(Q% v)=Fr (25, z) Bexp(-BP}) (19)
. n N
where o4,(QQ%, v) is the total virtual photon-proton cross section, z = Ey /v, Pris the transverse
momentum of the pion, and B = 4.37 £+ 0.21 (GeV/c)? [12]. )

The total virtual-photon absorption cross section o {@?, v) related to the inclusive spectra
of the scattered electron is given by :
—dig—(ep —eX)=To, l(Q2 v)=T [a-r(Q2 v) + eaL(Q2 u)] ’ (20)
dEEdﬂe N 0 b . A k4 -
where o7(Q?,v) and or(Q?, u) are the transverse and longitudinal photon absorption cross
sections by the proton, respectively. These cross sections are related to the proton structure
functions W;(Q?, v) and Wy(Q?,v) by

iria

or(Q*v) = Wi(Q?,v) (21)
2 . s -
o (Q%v) = 4_2_(1 [(l Q‘) Wa Q% v) — W@y L (22)

where K = (W?=m?2)/2m2 as in Eq. ()) For the empirical parametrization of the nucleon
structure functions, the avallable W region is divided into three parts [18]: the quasielastic
scattering region W = m, {19], the resonance region W < 1.8GeV [20], and the inelastic
scattering region W > 2.0 GeV [21]. Because the kinematic region for the proposed experiment
is at W > 1.9 GeV, we use the Rittenberg-Rubinstein parametrization for the proton structure
functions [21, 18] in simulating the chanuels ep — e'7£X

2, Wi(Q*,v) = Fi(w) , . 23)
vWo(Q? v) = 52%31 , ' (24)

where (with j =1, 2) .
2mpy + Mf

U.Jj = Q2 + a? (25)
and )
0 y" o
Filw;) =w; >0 (14 o) : (26)
n=3 J .
9



J

(GeV?) | (Gev?)
1.95.4 0.06 | 0.37 + 0.02 | 1.565 | —8.995 | 30.74 | —39.51 | 16.57
1.43 £ 0.06 | 0.42 + 0.02|0.933 | ~1.494 | 9.021 | —14.50 | 6.453

j M? ot | b | | B | e

—_

N

Té,bié 1: The Rittenberg and Rubinstein parameters

The parameters M?, a?; and B are presented in Table 1.
The function Fp”t(zg,z) in Eq. (19) and F™*(zp, z) are related to the quark distribution
functions in the nucleon and the quark to hadron fragmentation functions by [22, 23, 24}

— + = m* =
a“dzh p—7X)=F, (zB,2) |
4 [u(zB)D:* +@(zp) DI | + d(zp)D1¥ + d(25)DT* + s(zs)DT~ +3(z5) DT~
— - : 27
4[u(zp) +U(zp)] + d(zp) + d(z5) + s(zB) +3(zp) )
1do, "y 0 s _
rmds T T X) = (e, 2) = |
4 [d(en) DI +A(ep)DI"] + u(ws) DI +(ep)DL* + s(ea)DY +5(z) DT (
' 28)

4 [d(zp) + d(zB)] + u(zB) + W(zp) + s(zp) + 5(zB)

An analysis was performed in Ref.[17] to investigate the up -and down quark to charged-pion
fragmentation functions using data that was obtained at'BEBC [25]: The results of this analysis
[17] are presented in Fig. 4 and were used in our simulation of the deep-inelastic contribution
to the inclusive spectra of 7*¥~mesons. . L
" Another analysis that will be performed for this channel is the dependence of the electropro-
duced charge asymmetry 7(z,Q?) on Q? and z " ' ‘ '

n(z, Q) = Nt = Nom .
: Nyt + Np= i
The value of the charge asymmetry 5 for real photons is ~ (5 — 10)% [26, 27], where 7 is appar-
ently being connected to annihilation-type diagrams. As already mentioned, in the nucleon’s
rest system, the photon changes into a quark-antiquark pair; which in the case of real photons,
interacts mainly with the nucleon through the exchange of a two gluon (multigluon) colorless
state (pomeron). After interaction, the incoherent quark-gluon state, where the initial state
quantum numbers are conserved, is fragmented into final-state hadrons. Such interaction and
hadronization mechanisms are dominant for the case with real photons. The yield of fast hadrons
with different isotopic composition (or charge) must be the same because the initial state, that is
the photon’s quark-gluon fiuctuation, is neutral {e.g., do (yp — 7+ X) = do (yp = 7~ X), ete.}.
" However, along with a two gluon (multigluon) or pomeron’ exchange, the photon—nucleon
interaction may contribute also to an annihilation process of a component of the quark~antiquark

(29)

10
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pair, from which the photon converted. In this case, only one quark (antiquark) can take
part in‘ the hadroproduction process (fast hadron production is meant); hence, there arises an
asymmetry in the hadron yields of, say, 7+ and 7~ mesons. The value of that asymmetry is
entirely defined by the cross section of annihilation for the antiquark (quark) of the pair with
the quark (antiquark) of the nucleon.
_ For the case of a virtual photon with Q* > m} [note that (0.1 —0.2) < m? (GeV/c)? < 0.5},
the interaction of the virtual photon with the quark (antiquark) of the nucleon which corresponds
to annihilation of the slow antiquark (quark) of the pair in the laboratory system leads to an
asymmetry in the yields of 7+ and 7~ mesons. But this asymmetry is defined already by the
isotopic composition of the target and is different for the proton and neutron. For example, for
the proton, Ny+ /Ny~ = (2—3), which corresponds to 5(z, Q?) =~ (30—50)% at Q2 ~ 2 (GeV/e)?
and z 2 (0.8 — 0.9) [28, 29]. The expected z dependence of the charge asymmetry 7(2,Q?) at
Q* ~ 1.2 (GeV/c)? are presented in Fig. 5. ‘
In the transition region for Q* (i.e., 0 < @* < m2), »* mesons will contribute to the
interaction through gluon exchange as well as for annihilation of one of the components of the
quark-antiquark pair in the nucleon; hence, 5(z, @*) for fast pions {z > 0.5) will have a minimal
value of ~ (5 —10)% at Q? ~ 0; and will grow at Q2 > m? up to the maximum value possible
at a given isotopic composition of the target, which in case of a proton is =~ (30 — 50)%. From
the point of view of photon interactions with gluons and quarks, the experimental investigation
of the charge asymmetry n(z, Q%) against Q?, z and possibly on v, is of considerable interest.

11
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2.1.4 Prior Experiments

In this subsection we would like to concentrate on pion electroproduction with pion multiplicity
greater than one because in the case of v¥p — 7+n most experimental studies are related to
pion form factor measurements and for testing of the Born Approximation model.

Detailed studies of positive and negative hadrons produced from inelastic e-p scattering at
incident electron energies of 7.2 GeV are presented in Refs.[10, 30, 31, 14, 11]. The electropro-
duction reactions performed in these experiments were studied at W and Q? regions of 1.3 —2.8
GeV and 0.3 - 1.4 (GeV)?, respectively, using the streamer chamber at DESY. Results obtained
for inclusive electroproduction of positive and negative hadrons in the quark-fragmentation
region supports the validity of the quark-parton model at surprisingly low @ and W. After
subtracting the contribution of the dominantly diffractive produced p°-mesons from the inclusive
spectra of 7*—mesons, these spectra can be related to the inclusive distributions of 7*—mesons
from e*e™ annihilation by [14]: ‘

1 do

1 1 do
v +

= SrtX)~ = =
O(4vp) dz (P = 7X) 2 O(etemy dz

(ete™ — 7% X) (30)

The factor 1/2 in Eq. (30) arises from the fact that two quarks are fragmenting in ete~ anni-
hilation. The similar results for charged pion electroproduction was obtained in Refs. [13, 15]
and for the neutral 7%-meson inclusive electroproduction in Ref. [12]. For the kinematic region
of our proposal [i.e., 1.2 < Q* (GeV/c)? < 2.5 and 1.9 < W (GeV) < 2.5], the quark-parton
representation is working well. . :

One of the most important and unsolved problems of modern strong interaction physics (non
perturbative QCD) are the investigations of real and virtual photons interacting with matter
(e.g., quarks and gluons). The measurements of different mesons (7%, K*) from inclusive
electroproduction spectra on nucleons (p,n) in the deep-inelastic region for relatively small
values of Q% will allow us to obtain certain information about the interaction mechanisms of
photons with quarks and gluons; as well as quark and antiquark soft-annihilation cross sections.

The analysis of experimental data available for % and 7° electroproduction on the proton
shows that, beginning already in the deep—inelastic region (i.e. from W > 2 GeV), the functions
for v and d quark fragmentating into 7%'° mesons are independent of the value of W [28], and
possibly, are in weak dependence with Q2. Consequently, the inclusive spectra of 7% and #°
mesons obtained from nucleons, can be used to investigate the dependence of Df:io(z, Q?) for
both W and Q2. In turn, we can then check the applicability of Altarelli-Parisi evolution
equations at Q? < (1 —2) (GeV/c)? and investigate the transition from the perturbative QCD
region into the non perturbative region (i.e., the effects due to power corrections over Q?, higher
twists, etc.).

2.2 Pion Electroproduction from Nuclei
2.2.1 Théoxjgtical‘l\ilo‘dels: Color Trahsparency .

A recent hypothesis by Brodsky and Mueller [32] point out some qualitative properties of A~
dependent effects in which QCD color transparency plays an important role. According to their
hypothesis, the virtual photon interacts with the component of the hadron wave function that is
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characterized by a spatial size on the order of r(Q?) < ry where ry, is the radius of a conventional
hadron. The spatial size of the hadron r(Q?) = r;, if Q* < N?m?, where N is the number of
additive quarks and antiquarks in the hadron, m, is some characteristic hadronic mass which,
apparently determines the radius of quark color and gluon confinement R, ~ 1/m,.

The virtual photon interacting with a hadron in the latter’s rest system is characterized by
the time interval 7p ~ v/Q?, after which the hadronic wave function component with transverse
size of r(Q?) ~ y/N?*m2/Q?ry, or the color (quark-antiquark) dipole, receives the entire energy
v from the virtual photon. During the time interval 77 ~ v/N?m? ~ (Q*/N?m?) 7p the system
will turn into a normal-sized hadron with radius ry, [32, 33, 34, 35]. :

Let us consider the process ep — e’r*n on the nuclear protons. If the nuclear proton is
considered as a free proton, then the reaction ep — ¢’7¥n on the nuclear protons will allow us
to determine the change in the pion-virtual photon interaction-cross section while traversing
the nucleus and possibly interacting with other nucleons in the nucleus. By measuring nuclear.
matter transparency with respect to the pion yield from the process ep — e*r¥n, we can obtain
information about the change in the interaction cross section of pions with the nucleons in the
nucleus and, hence, extract information about the the change in its transverse size. If there is
no change in the interaction cross section, the value of nuclear matter transparency is expected
to be close to the prediction of Glauber [36]; however, if the average size of the pion, and hence,
the interaction cross section with internuclear nucleons decreases, then the nuclear transparency
nust be higher than the value determined from the Glauber model — this difference becomes
larger as Q? increases. C

The transparency of nuclear matter or the “color transparency” is given by

Trin(A, Q%) = %a[eA — e'rtn(A—1)]

a(ep — e'Tn) ’ (31)
and is defined as:the ratio of the pion electroproduction cross section from the reaction ep —
¢'mtn with nuclear protons normalized to the proton number of the nucleus, to the cross section
from the reaction ep — e'm*n. Eq. (31) characterizes the propagation of pions through a nucleus.
1t is commonly assumed, that the motion of pions through a nucleus can be described by the
Glauber approach [36]. Minimal transparency occurs in the case when the pion, passing through
the nucleus, may interact with nucleons in nucleus with o,y cross section, which coincides with
the pion-nucleon interaction. If the “small-sized pion” interacts with the nucleons in the nucleus,
the cross section o is smaller than o,y cross section of pion—nucleon interaction, ¢ < o,5. The
result is nuclear matter transparency béing higher than the minimal value determined by the
Glauber model. The maximum value of transparency equals unity at small values of o = 0,
which may occur when Q? 3> N?m?.
Nuclear matter transparency is defined by Refs. [36]:

+oo

T":% / o(b, ) pr[— / p(b,t)a(t—'x)dt}dqu, | (32)

T

where ' po

p(bz) = p(r) = 1+ exp((r—ra)/a] - (33)
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Here, the Wood-Saxon nuclear matter density distribution normalized is to the condition
[ p(r)d®7F =" A, the impact parameter-b = ]El, r=Vb+a? a = 0.54, and r4 = (0.978 +
0.0206 A*/2)A'/? [34]. In Eq. (32), o(t) is the “small-size pion” interaction cross section with
internuclear nucleons as a function of the space-time variable ¢. This value increases from oy at
the point ¢ = 0 (this point is actually not a point, but is a space-time region with 7p ~.v/Q?
dimensions), where an electron-pion interaction or a virtual-photon was absorbed by a pion
has taken place, to oxn at t 3> 77, where 7p is the characteristic time of the color dipole (com-
pressed or small-sized pion) in transition to a normal pion. In the framework of the color dipole
hypothesis, o(t) is expected to be [32, 33, 35): EERERE AR ?

a(t) = ol% — (a','r‘}f,_— ao) exp(——tz/‘rl_zw) (34)

where gp = (N2 2/Q?)ol% and TF = v/N?m? . Here a“" 30 mb which corresponds to the
characteristic total cross section of the plon—nucleus interaction in the energy range of interest

~ (1.5 — 4.0) GeV.

2.2.2 Theoretical Models: Quark Hadronization Mechanism

Investigation into mechanisms.for quark and gluon hadronization (i.e., the transition of color
constituent quarks into colorless hadron states) is one of the central problems in modern el-
ementary particle physics. . The process of deep-inelastic leptoproduction in nuclei, contains
interesting information about the process of hadron formation from constituents (quarks and
gluons) as well as on the propagation of quarks and quark-gluon systems in nuclear mat-
ter [37, 38, 39, 34, 32, 33, 35].

* At present, there is not a clear understanding of the mechanism for hadron formation from
quarks and gluons, nor of the propagationfor quarks in nuclear matter. The main difficulty
here is the presence of strong interactions (non-perturbative QCD effects) in the final stages
of hadron formation from quarks and gluons; however, in the presence of a hard subprocess
with Q% >> m? where m, is some characteristic mass m? ~ 0.1 GeV? (33, 35|, the time that
characterizes the virtual-photon. quark hard subprocess

V <
TP ™~ @ 3 (35)
is less than the time of transformation of the quark.(quark-gluon system) produced in this
subprocess to form into a normal-sized hadron at a characteristic time 7 ~ v/m2. .
According to modern understanding, the virtual photon (v, Q?) interacts with the nucleonic

quark during a time interval
v 1
TP & @ ~ z—B- Iy (36)
where zp = Q?/2m,v and m, the nucleon mass. The interaction cross section a(t.) of such
a point-like quark (quark-gluon system [37, 38], or quark-antiquark color dipole {32]) evolves

from [34, 32, 33, 35]:
N2 2
op=—==) s , (37)
Q
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where N is the number of additive quarks and antiquarks in the final hadron, at a time ~ Tp
up to the hadron-nucleon interaction cross section oy at the instant of fast hadron formation
(or recombination time) Tp. '

Different conceptions exist concerning the evolution of the color and composition of a quark-
gluon system or parton jet that produces a fast or knocked—-out quark in the electroproduction
process. In Refs.[40, 41}, a mechanism is offered, which makes the quark-gluon ]et colorless
in the interaction time interval ~ 7p. In the framework of such a picture, the quark—gluon
system looks like a white quark-antiquark string having a fast quark and slow antiquark on its
ends. Such a string starts its hadronization in time intervals on the order of 7p, where the slow
antiquark hadronizes and the wave of hadronization reaches the fast quark at the moment ~ 7p,
when a leading hadron containing a fast quark is formed [40, 41].

Another scenario of fast-hadron formation is developed [32] whereby the leading hadron,
which contains a fast quark, is formed during a time interval ~ 7p, but its transverse dimensions
are N*m?/Q? times smaller than the hadron size. Such a compressed color dipole transforms
into a normal hadron in a time interval ~ 77 and only then will its interaction cross section
with the nucleons in the nucleus become equal to the hadronic cross section a. :

The general point in fast-hadron formation is the fact that during a time interval ~ 7p, a
quark-gluon system (quark, quark-antiquark string, or colour dipole) is formed in a time 7¢
that contains a leading (valence) quark of this system. The interaction cross section of such a
system starts increasing from the value o, ~ (N?m?/Q?)o;, at the moment Tp up to the value
g, at the moment 7 of the leading hadron formation.

1t is impossible to predict the behavior of o(t) from o, to o), in the framework of perturbative
QCD —- at least in the vicinity of t ~ 7. At Q%> m? for { ~ 7p, one can make predictions
for o(t) ~ t[37, 34] in the framework of perturbative QCD; in the so-called model of quantum
diffusion, the transverse dimension of quark-gluon system increases as.</t; because in the trans-
verse plane the production points of quark-antiquark pairs or gluons are on the trajectory of
a Brownian particle. In the framework of another mechanism of hadronization, based on the
concept of ¢g colored dipole formation at time ~ 7p, it is expecte(l that o(t) ~ t? [32]. There
is a relatively small difference ~ (5 — 10%) {35] between the predicted trausparency in these
two models but, both give a significant deviation from the Glauber-type mechanism [36), which
assumes that normal size hadrons are formed at the interaction point during a time interval 7p.
The search for such a large deviation between a Q*~dependent hadronization mechanism ‘and the
Glauber model is one of the main goals of this projeet.

To probe the time scale for quark hadronization, we will measure the nuclear transparency
T as a function of Q2. The nuclear transparency T' is defined as

2do(ed — e'hX) [ d
d 2
T"f(A’Q 2) = Ado(ed— e'hX)[dz °

(38)

where A is the nucleon number and D is the deuteron. Nuclear transparency reaches a minimum
wlien the hadron is produced directly at the interaction point of an incident particle with the
nucleus. In this case, the produced hadron % interacts with the usual 2 — N cross section. The
hadron propagation in the nucleus can then be described in the conventional Glauber model
[36]. The transparency is equal to the probability for.the hadron to exit the nucleus without
interacting elastically.
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" To distinguish between rescattered and non-rescattered hadrons, it is necessary to restrict our
attention to the high energy part of the inclusive spectrum (i.e., to large values of the variable
z = Ey[v, where E} is the energy of the detected hadron) At relatxvely high values of the
variable z > (0.5 — 0.7), the dominant contribution to the inclusive hadron spectra is the direct
production of hadrons. As shown in Refs.[17, 42] in the fragmentation region of different quark-
gluon systems, the contributions from decays of mesonic resonances in the inclusive spectrum
of m-mesons are less than (10-20)% in the range z > (0.5 — 0.7); for this refison, the region of
relatively high value of z is preferable, where the information on the mechanism of the photon-
nucleon interaction as well as the propagation of quarks and/or hadrons through nuclear matter
is carried by the direct hadrons.

If the hadronization process requ1res a finite space-tlme interval, then the transparency T
will be higher than the minimal Glauber value (36]. The maximum value of T, is achieved when
the hadron is formed outside the nucleus. If the mean absorption path of the virtual photon in
nuclear matter exceeds the size of the nucleus (for values of zp > 0.05 [43]), then the probab1l1ty
that the quark produced at time ~ 7p and the fast hadron produced at time 7 will not undergo
inelastic interactions in the nucleus is determined by the expression Eq. (32). In the general
case we need to take into account as inelastic as well as elastic interactions of the fast hadron
in the nuclear matter. We will discuss the pions rescattering problem in the next subsection.

Here it is important to note that our picture of fast hadron formation assumes that o(y" A) ~
Aa(4V N). Effects connected with the screening of the interaction of photons with nuclear matter
should be absent. The experimental data on deep inelastic interactions of leptons with nuclei
show that the relation o(y" A) ~ Aa(yV N) is valid [44, 45, 46] over a wide range (0.05 < zp <
0.3) of the Bjorken variable zg = @*/2m,v. Our investigations are within this range of zp.

2.2.3 Theoretical Models: Rescattering of Pions

Rescattermg of pions in the nucleus can be envisioned usmg the framework developed ‘within
the intra-nuclear cascade model (INC) [47, 48, 49, 50, 51,"52] or in the model by Glauber.
To perform a calculation in the INC model, one needs to input the multiplicity of produced
particles from the reactions vV + N — X, the spatial coordinates of all particles, and their
momenta. Cascades of produced particles can be simulated in the usual way. Also, one can take
into account elastic and inelastic interactions, Fermi motions of the nucleons, the absorption
of mesons by correlated (n,p) pairs, mesonic charge exchange, and so on. The end result is to
obtain an exclusive description of the interactions.

Unfortunately, cascade codes are, as a rule, very large and wr1tten in old formalisms; however,
some codes consider the production of mesonic and baryonic resonances in (7N )~ and (NN)-
interactions. The calculations of characteristic (yA)-interactions are not known. There are
some attempts to simulate (v A)-reactions.

By in large, Glauber’s model is much simpler for calculations of inclusive characteristics. The
model describes extraordinarily well momentum spectra of protons in the reactions p+A4 — p+X
at 19.2'and 24 GeV//c [53, 54, 55].. It also describes (7A) elastic scattering too. Although the
calculation of momenta spectra of mesons is unknown, one hopes to obtain' good results for
2z ~ zp > 0.3 because in this reglon the yield of leading partlcles dominates. E

Following Refs. [53, 54, 55] it is edsy to obtain the expression for the cross section of the
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‘processes vV + N — 7% + X on intra-nuclear nucleons with n* rescattering of 7*-mesons

& ' Fo(yV N = 1£X
d—f('yVAq W*X)—/—ahd—w——) (F—po— Zp-)Hw Bi)dp;
P Po =1 =0

' f,‘}f,L(b z+1p, oo)] »
db palb, ,Z) dT=— = exp[—o% L(b, + 7, 00)] . (39)

Here p4 is the nuclear density as given in Eq. (33), of% is the total cross section of the (rN)-
interaction, and L is the thickness function of the nucleus given by

L(E,zl,zz) = e(zz—zl)/pA(\/‘ b+ z)dz , | - .(40)

where 7 is the formation length bi is Jmpact parameter w(ﬁ) is the momentum dlstr1but10n of
m*-meson from the reaction 7* + N — 7% + X. :

The first integral in Eq. (39) describes the change in the T-meson spectra produced in a
nucleon. The second integral is proportional to the probability of the n* b rescattering. It is
obvious that this probability decreases with increasing formation length. Figure 6 displays the

‘ rescattering probabilities as a function of formation length

Let us examine this phenomena on a purely qualitative level by considering what is happening
in Figs. 16 and 21 in Section III of this proposal. The 7+ meson spectra from (" p)-interactions
has a:bump in the region of z ~ 0.95, a dip at z ~ 0.8 — 0.9, and the cross section increases at
z < 0.8. In the region z =~ 0.95, elastic rescattering leads to a softness of the spectra and fills the
dip at z ~ 0.8~0.9. In the region of z < 0.8 there is a competition between two yields. The cross
section in this region at any defined z has a positive yield from more energetic mesons produced.
in (7Y V) reactions which suffer inelastic interactions within the nucleus. On the other hand,
the number of mesons is decreasing due to elastic and inelastic rescatterings. The dominance of
the first or second yield depends on the value of z and on the formation length 7.
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2.2.4 Prior Experiments

There have been very few experiments studying the inclusive leptoproduction of hadrons in
atomic nuclei. Reported in Ref.[56] for the first time was the increase of transparency (decrease
of absorptive power) in the yield of fast charged products of the virtual photon hadronization
from the nucleus: however, these data failed to provide sufficient detailed information on the
parameters that characterize the space-time-picture for the process of hadron formation. The
primary causes for not pinning down the effect were due to low statistics and an averagmg of
the data over very wide intervals of v and Q2. - - -

In another experiment conducted by EMC [57] at CERN using muon beams with E, = 200
GeV, charged hadrons were detected in the virtual- —photon fragmentation region. At v =~ 100
GeV aud higher, a nearly full transparency of nuclear matter to the leptoproduction of hadrons
was observed. The analysis of these experiments as well as the antinéutrino experiment at
energies of E5 < 30 GeV [58] does not permit one to obtain definite information about the
characteriqtic time scales of the quark hadronization process. Thus, estimates of the parameter
m? obtained in Refs.[57, 58] are (0.08 £ 0.04) and ~ 2.0 GeV?, , respectively. The data obtamed
in Ref[ 7] at large values of = (~ 0.7) are of low statistical accuracy.  °

It follows from the analysis [35] of the SLAC and EMC CERN data that the dependence
o, = (N’m?/Q*)o), (where N = 2 is the number of valence quarks in the mesons) describes the
experimental results at m.? = 0.11 +0.01 GeV?. The time of quark hadronization 7 does not
depend upon the energy of the final meson and is determined only by the'energy v of the quark
(i:¢., Tp = v/m?).  Because of the precision of the experiments'[~ (10<15)%], an estimate could

" be made about the parameter m? to an accuracy of about 10%. The level of accuracy achieved

here can permit-the possibility of distinguishing between different theoretical models.

O R
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Setup| E. | 0. | 0. | P& P® PO PO
"1 (GeV) | (deg) | (deg) | (GeV) (GeV) (GeV) (GeV)
1 3.9 13.0 |-21.0 | '1.45, 1.85

5 | 30 [180]160| 200 235 275

3 |21 |260|120| 250 28 325 365

—

Table‘2: v(T'he xiiné kinematig points at Eyeam = G.Q GeV and zp =(‘O.3v0v '

3. The Experiment
B AT TR RNE S ,

3.1 The Goals and Kinematic Condition

Expefiméntally, we detect the eleétrbbfoﬂuced piolrl'ih coincidence with the scattered elect§011.

In Hall A, the two HRS spectrometers will be gtilized. -

The main goals of the project are:

1. Mea.sureménts of m*-meson el{éctroproduction on 'H, and 7+-mesor electroproduction on
' 2H, %°Ca, and 2°*Pb nuclei in the kinematic range zp ~ 0.3, 1.0 < VQ?(GeV/c)2 < 2.5 and
0.6 <z<1.0.

9. Determine the contributions from A and p hadronic resonances to the inclusive spectra of
pions and their dependence on Q> ’

3. Investigating the dependence of the electroproduced pion charge asymmetry n(z, Q%) from
the proton data on Q? and z.

4. Search for a large deviation between a @*-dependent hadronization mechanism and the
Glauber model.

5. Obtain the characteristic time for quark hadronization from our nuclear matter trans-

parency analysis.

6. Examine the nuclear color transparency with respect to the 7*-mesons moving through
nuclear matter. - :

7. Determine the quark-antiquark annihilation cross section from our n(z, Q%) analysis.

As stated earlier, we would like to ‘perform the experiment at zp =~ 0.3. The choice for
zp = 0.3 is related to the nucleon as well as to the nuclear programs of our proposal. First of
all, the experimental data on the nucleon structure functions Fy(zp, @?) show tl‘lat at zp ~ 2.3,
the value of Fy(zp,Q?) is practically independent of Q? for our kinematic region 1.0 GeV” <
Q? < 2.5 GeV?, see for example Ref.[59]. Because we would like to concentrate on the quark-
fragmentation functions and on the (? dependence of the charge asymmetry, it is imiportant to
have Fy(zg,Q?) ~ constant for the kinematic region of our experiment.
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Another reason is that the nucleus and nucleon structure function ratio Fg(zg5)/FP(z5) ~ 1
at zp = 0.3, see for example Ref. [44]. The pion production cross section depends on the (y¥ N)- -
interaction cross section, as well as the quark to pion fragmentation functions. Because in-the
nuclear part of this project, we propose to study pion propagation in nuclear matter and would
like to have the condition o**(yY A}/ A =~ o**(y¥ D}/2 or Fj*(z5)/FP(zp) ~ 1 in the kinematic
region of our proposal. So the condition zp =~ 0.3 will allow us to interpret the difference
between nuclear transparency with respect to m¥-meson production from the unit as a result of
the 7*-mesons and quarks propagating through nuclear matter. )

To allow us to achieve our goals, we propose to make our coincidence electron-7—meson
measurements at nine configurations using the Hill A HRS2 spectrometer system. Moreover, we
need only to make two additional position changes for the last two spectrometer configurations;”
also with these position configurations, a set of magnetic field changes would be made to both
spectrometers with more of the changes occurring on the hadron arm. The angular positions and
particle momenta for the electron and hadron arms, respectively, are listed in Table 2. With
the limitations imposed by the HRS2 system, the arrangements listed in Table 2 denote the
minimum group of configurations that will allow us to make our coincidence measurements in
the proposed range of z and @*. Figure 7 shows the region in the (z x @?) plane which can be
covered with our proposed nine kinematic measurements. Thus we can obtain data in the range
1.0 £ Q*GeV/c)? £ 2.5 and 0.6 < z ~ 1.0. _ ‘ :

In each small box with size Az = 0.05 and AQ?'= 0.1 GeV? in Fig. 7, we propose to

‘obtain N,, ~ 10000 events. The la and 1b setups in Table 2 cover (0.95 GeV? < Q* <
. 1.55 GeV?) x (0.6 < z < 0.8) and (0.95 GeV? < Q? < 1.55 GeV?) x (0.8 <z < 1.0), respectively.

From each of these setups we propose to obtain N., 2 240000 events. - Distributions for Q?, zp,
W, and ¢ for setups 1a and 1b are shown in Fig. 8. Setups 2a, 2b, and 2c cover (1.45 GeV? <
Q? < 2.05 GeV?) x (0.6 < z < 0.74), (1.45 GeV? < 'Q? < 2.05.GeV?) x (0.74 < z < 0.87),

. and (1.45GeV? < Q% <205 GeV?) x (0.87 < z < 1.00), respectively, and from each of these

setups, we plan to obtain N, 2160000 events. The final setup 3a, 3b, 3c and 3d are cover
in the (z x @?) plane (2.05 GeV? < @* < 2.55 GeV?) x (0.6 < z < 0.7), (2.05 GeV? <
Q? < 2.55 GeV?) x (0.7 < z < 0.8), (2.05 GeV? < @* < 2.55 GeV?) x (0.8 <z £ 0.9), and
(2.05 GeV? £.Q*% < 2.55 GeV?) x (0.9 < z < 1.0), respectively. From the each of these setups
we plan to obtain N, =~ 120000 events. The total number of events then is Nf* ~ 1440000
events for each target and each type of pion. The beam time request is presented in Section 3.5.
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Fig. 7 Event distribution on a (2 x Q%) plot from the nine kinematic setups 1a, 1b at
Q? =~ 1.2 (GeV/¢)?, 2a, 2b and 2c at Q% ~ 1.7 (GeV/c)® and 3a, 3b, 3c and 3d at Q* ~
2.2 (GeV/c)?. For each box with dimensions Az = 0.05 and AQ?* = 0.1 (GeV/c)?, we plan to

have 10% events.
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Fig. 9 Azimuthal angle distributions for the electron (¢,) and hadron (¢.) arms, respectively.
Also shown are the distribution of angles in the laboratory system (¢!2®) between the r-meson
production and the electron scattering planes, and with respect to the (yVp) center-of-mass
system. The two peaks in the ¢5™ spectrum, correspond to —90° and +90° (i.e., pion production
below and above the electron scattering plane).
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3.2 The Experimental Procedure / Condition

We plan to investigate the inclusive 7*—electroproduction spectra at zp = 0.30. The scattered
electrons will be detected by one HRS spectrometer, while the charged mesons by the other HRS
spectrometer [60]. The two spectrometer configuration allows us to perform measurements in the
kinematic region of interest.” The spectrometer detector stacks use standard focal plane instru-
mentation and are detailed in the CEBAF.CDR [60]. There will be drift chambers for charged
particle tracking, a gas Cerenkov detector for particle identification, scintillator hodoscopes for
fast timing, and Pb-glass shower counters for calorimetry and additional /e discrimination.
The momentum of the particle will be deterrmned by reconstructing its trajectory through the
dipole magnet while the production angles are then obtained by tracmg the tra]ectory back to
the interaction position in the target.

Special consideration for the hadron arm must be taken into account because of the large
background from (e, e'p) coincidence events. A suppression by a factor of ~ 102 is expected
by utilizing an aerogel Cerenkov counter in the hadron arm. A prototype aerogel Cerenkov
counter was tested at Saclay late in 1993. The index of refraction of n =1.025 in the :aerogel
Cerenkov "counter provides a threshold of 4.17 GeV/c for protons and 0.62 GeV/c for pions;
therefore,for hadron momenta up to 4.0 GeV/c, the aerogel Cerenkov should provide an excel-
lent tool for dxscrlmmatmg against-protons. Also, because the _number of photons produced in
the Cerenkov process increases with- momentum, the aerogel Cerenkov efficiency will increase
and thereby provide' greater reliability for discerning protons from r-meson events. Low dis-
criminator thresholds for photomultiplier signals will also help insure the best possible partlcle
identification for the lowest pion momenta.

Cryogenic hydrogen and deuterium, as well as solid calcium targets will be used The *°Ca
target is very convenient for future analysis where we will use it for comparison with detiterium
data because it, consists of equal numbers of protons and. neutrons.. For absolute calibration, it

- is necessary for some experimental points to take measurements of elastic electron scattering on

hydrogen.: For backgrounds from the walls of the cryogemc target” cell it is necessary to take
measurements with an empty target cell.

It is important to have both the liquid and the solid target data taken with the same rnagnetrc
field settings for the spectrometers. This restriction will suppress any systematic uncertainties
that may arise from changing the fields during off-line analysis.”” Listed in Table 3 are the
parameters for the HRS2 system for electron and hadron observatlon

ELECTRON BEAM PARAMETERS
Incidentenergy'..........;...........’ .............. I U ........ ... 6.0 GeV

Beam energy spread ..........iciiiiiiiiiiiaiia.., e e 0. 01%
DR g 1o 7e) S O N - i eeeereediels 100%-
Incident electron IDEENSItY. +ovuvvivivrnneriiiniiinni ittt . (50-170) A

The beam intensity is limited by the singles rate in the the hadron arm and the predicted ac-
cidental coincidence count rate level. Both quantities are well within acceptable tolerances of the
HRS system, and experimentally, the estimated reals-to-accidental levels are quite reasonable.
for all @? points.
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Parameters - HRS HRS
‘ s (Electron) (Hadron)
Optical Length - 22.8 m - 228 m
Momentum Range {0.2-0.3)-4.0 GeV/c [ (0.2-0.5)-4.0 GeV/c
Momentum Acceptance 10% 10%
Momentum Resolution 1x 101 1x10™1
Angular Range 10° - 165° 10° — 130°
Ta.fget Length Acceptance ~ %5 cm ~+5 cm
Angular Resolution (Horizontal) | - 0.5 mr ' 0.5 mr
Angular Resolution (Vertical) 1.0 mr 1.0 mr
Horizontal Angular Acceptance +30 mr £30 mr
Vertical Angular Acceptance +65 mr +65 mr
Solid angle 7.8 msr 7.8 msr
Transverse Length Acceptance +5cm +5cm
Transverse Position Resolution + 0lcm 0.1 cm

}"fable 3: Pa.ra.meter‘s for the .two' Hall A HRS spectrometers. Note: the HRS spectrometers
ave pf:tralle.:1~to—pomt focussing in the scattering plane. The quoted values for the position
resolutions include effects from finite beam size and detector resolutions.
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3.3 Physics Backgrmlmds'

To measure pion electroproduction from nuclei at CEBATF energies, it is important to know the
contributions to the inclusive spectra of pions from hadronic-resonance decays as well as from
processes of pions rescattering inside the nucleus. In’these upcoming subsections, we consider
possibilities to distinguish between pions that are electroproduéed directly from the virtual
photon—quark interaction from those pions that are produced from different hadronic-resonance
decays as well as from those pions that multiply scatter in the nuclear medium.

3.3.1 Resonances Contributions

Consider the A and p resonance contributions to the chamnel ep — e'x+r~p. We can separate
these processes in an (e, e'n™) coincidence measurerent by employing a missing mass off-line
cut. My < (my+my). In Refs.[10, 11], & maximum likelihood fit to the experimental data by the
Dalitz—-density plot method was performed to obtain fit parameters. which signify the strength
of the différent resonance and phase space (PS) contributions to the inclusive spectra of pious;
they obtained, ap++ = (25 N%, ape = (4 £2)%, a, = (30 £ 10)% and aps = (41 £6)% for
the AT+, A, p chiannels, and (PS Y contributions, respectively. These values were obtained for
0.8 < Q% (GeV/e)! < 1dand LT < W (GeV) < 2.0. Clearly, these parameters obtained in
the above kinematic range cover our proposed points 1a and’ 1b of our experiment which have
Q2 ~ 12 (GeV/c)* and W ~ 1.9 GeV. It is important to-note that the above values for ax'++;
ano, a, and apsg yield A, p, and phase-space contributions for a 47 acceptance for the final-state
hadrons (see Fig. 2). These values of course change for different angular and momenta intervals.
To acquire the proper As, p, and phase-space contributions for our hadron arm, we simulated
the process ep — ¢'mtr~p using our proposed experimental configuration. The results of this

~ simulation for the angular acceptance Al (F,- = 13.0%) and for the 1a setup are shown in

Figs. 10 and 11 and Figs. 12 and 13, respectively: . :

Fig. 14 shows the contributions from the v¥p — n~ATY, AVp - xtA?, +¥p — p%p channels,
and from phase space (PS) to the =~ —mesons spectra for full phase space acceptance (47) for
hadrons {a) and in our hadron arni (b} at Q* ~ 1.2 (GeV/c)?. The results show that for the
kinematic region of interest 06 < zr < 1.0, contributions from A+T and p® fesonances are
important. Resonance contributions to the spectra of 7~ -mesons decreases as Q% increases
(see Fig. 15). For the high Q? point of our proposal [Q? = 2.5 (GeV/c)?], the ATt and p°
contributions to the 7 ~—mesons spectra are 12% and 9%, respectively, for the acceptance given
for setup 1a. To obtain the results shown in Fig. 15, we use the experimental parametrization
for A [11] and p° [10] in the framework of the vector dominance model (VDM):

. 1
oa(@) ~ T+ O (41

: ) . W2 —m? 1 + e£2Q* /2
2 W) ~ k et
2@ ) /(W2 —m?~ Q?)2 + 4W2Q? (1 + Q*/m)

with €2 = 0.4 [10] and the p~meson mass 1.
Now let us consider resonance contributions to the inclusive 7+-meson spectra. Employing
an off-line missing mass cut My < (mp + m,) we can separate out the following processes

(12)

!

29



Acceptance]ap++ aae @,

aps
% % % %
4r | 250 34 27.7 439

. L AQ, | 244 3.7 279 440
‘ AQAP, |39.2 04 229 375

Table 4: Resonance Parameters

7p—rtn,7Vp — x¥r~p and, vVp — 7. The 7Vp — w*n channel can be studied in the
framework of the Born approximation.. The process '7 Vp — xtip has been. discuSsed above
and results have already been shown. The process v¥p — 7+ 7% related to vVp — xtn= p by
isotopic relatlons For t.he deuterium case, we have

Car
= .

0(,7Vd—>7r+X)~a(7 P—'7r+X)+d(7 n—»7r+X) ‘ ) ’
~o(y p—>7r+X)+a(7 pow X) S (43)

PR EENE 1

The resultmg 7r+—mesons distributions from proton and deuterlum are presented in Fxgs 3 and

16 (b) o
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3.3.2 Multiple Scattering

To estimate the rescattering of pions, we calculated the cross sections according to Eq. (39). The
nuclear density p(r) was taken to be the form given by Eq. (33). The rescattering calculations
neglect the energy dependence of the total (xN)-interaction cross section; instead we used
!9 = 30.0 mb for the energy region of interest; namely, ~ (1.5—4.0) GeV [59]. The distribution

1 $Bod  LPo '
w7 = <—Jﬁ_,+ ) ()

tot
OxN

was calculated from a Monte Carlo simulation. The momentum distributions for the elastically
scattered mesons was determined by the invariant squared four-momentum transfer £, and in
the case of meson inelastic scattering, the distribution is determined by the Feynman variable
xp ~ 2p,//s and the meson transverse momentum pr . In our simulation for elastic and
inclastic scattering electroproduced 7—-mesons, the chosen distributions were [61, 10]):

do.el

~ exp (At) (45)
and

do™™ ~1 3 By "
Topdpp =P exp (= Bpr) » (16)
respectively, where A = 6 (GeV/c)™ and B =4 (GeV/c)™2.

For the energy region of our experiment, the main contribution to the inelastically produced
s—mesons from the reaction N — 7.X come from soft interactions at small pr. The experimen-
tal data on the inclusive spectra of r—mesons with small pr, are well described by Eq. (46) [61].
In other words, after the pion scatters inelastically, its momentum decreases and the direction of
flight changes only slightly. On the other hand, if the pion scatters elastically (i.e., 7N — 7N)
its direction of the flight may greatly change, but its momentum stays approximately the same
Eq. (45). As we have already discussed in Section 11.2.3, the inclusive spectra of m—mesons will
change after multiple-scattering processes have ocurred in nuclei — the high momentum region
of the spectra has decreased; whereas the low momentum region of the spectra has increased.
We can see these changes in Fig. 16 and Fig. 21 for the reaction 7Y A= 7*X. In the kinematic
range of our experiment, 0.6 < z < 1.0, the pion yields are decreasing, but the decrease is as
small as the formation time 7 is high. : :

_ Changes in the pion flight direction are illustrated in Fig. 17. From Fig. 17, we observe
that the flight direction of the produced pion after multiple scattering in the nuclear medium
will still be directed towards the acceptance of the hadron arm.
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Fig. 16 Missing mass M, and z,+ distributions for the reaction 7¥A — x*X (a) and
YD — 7t X (b) at Q% =~ 1.2 (GeV/c)? and W =~ 1.9 GeV at an angular acceptance Afl,
for pions. - The histograms are normalized to nuclear number; and, for the case of the M;
distribution, we make the shift in nucleon mass.
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Fig. 17 Distributions for cos i35 and et for the reaction vYA— 7t X (a)and 7VD.—+ o+t X
(b) at @* =~ 1.2 (GeV/c)* and W =~ 1.9 GeV. at -an-angular acceptance Afl, for pions. ‘In
histograms (b), the pions outside the angular acceptance of the hadron arm, after rescat.termg
in the nucleus, change momentum as well as their direction in flight and- are detected in the
angular acceptance A}y of the hadron arm. The histograms are normalized to nuclear number.
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3.4 Non-Physics Backgrounds (Accidental Rates)

Setup Ie' Ne N1r sz . Aew R:w/Aew ‘time
The accidental coincidence rate is given by )| (et | ) | hour) (hour)| (1ns)" | (hour)
NN, -
A= i ' (47) la | 50 | 481 [ 391 | 31129 | 6759 | 46 8
: . 4
where A is the accidental coincidence rate, 7 is the resolving time, d is the accelerator duty » b | 70 | 67.3 | 57.5 [ 61465 13902 4.4
factor, N, is the electron arm singles rate and N}, is the hadron arm singles rate. The relative 2a 1-90 | 15.7 1 79.1 | 21684 4474 4.8 "8

level for accidental coincidences increases with beam intensity and decreases with Q% A~N.N,,

and N, and N, both increase with intensity and decrease with @*. An estimate of the singles Yool oo 60 | 10.5 | 55.0 9407 2074 1 4.5 17
rates IV in each of the spectrometers, may be obtained separately from

2¢ | 150 | 262 | 140.7 | 71992 |'13263 | 54 | 3
N.N, X | ' . : 2 | 4 10 -
N=N.N.L (—(fﬁi%) AQAP . (48) 3a | 150 | 5.1 [140.7] 12639 | 2592 [ 4.9
' 3b | 120 | 4.1 [117.0| 7838 1725 4.5 16
where N, is the number of incidel.lt elecjcrons per second on a target, Niisthe target density, L is 3 0 | 22 | 69.7 2657 |- 600 ihe 5
the target thickness, d3¢/dddP is the inclusive electron scattering or hadron electroproduction - -
cross section, A{Y and AP are the angular and momentum acceptances for the spectrometers. ' 3d | 170 | 5.8 |172.6 | 19229 3604 5.3 7

In the electron arm, the cross section formula for the (e, ¢’X) reaction was used. For the hadron
arm we use the cross section for inclusive pion production from Ref.[62].

Table 5;. Yields from the ep — ¢'7t X reaction at Eqg = 6.0 GeVX and IB ;‘0.30.

3.5 Count Rate Estimates and Beam Time Request

The real coincidence count rate is determined by the expression

C e ‘ Setup| I. |LHz|LH,|LD,|%Ca|2PD| Time
S (4
T = N N:L (m) AQAEAQAP, (49) (eA) ext |er~ fent | ext | ext |(hour)
_— . = . la {5 | 8|8 8|8 | 8 | 2
where N, is the number of incident electrons per second on a target, N, is the target density, .

L is the target thickness, A, and AE, are the electron spectrometer angular and momentum
acceptances, Al and AP, are the hadron spectrometer angular and momentum acceptances, i ‘ 8 8 24
and d%0 /dQ2.dE.d(,dP, is the inclusive hadron electroproduction cross section givenin Eq. (18). 2a % |8 8 8 :

Simulated yields for the inclusive ep — e'mt X reaction on protons are shown in Table 5. 95 60 | 17 |17 | 17 | 17 17 51
These yields are calculated for 1.0 < Q* (GeV/c)? < 2.5 and at z5 = 0.3. The length of the ) -
cryogenic target cell was 10 cm. ' 2c | 150 | 3 3 3 3 3 )

The rationale for the target thickness and beam intensity we plan to implement is based on
the expected real to accidental coincidence level. ‘

w | 7044 a]a| 4|12

3a | 150 | 10 | 10 | 10 | 10 10 30

Listed in Table 6 are the beam time requests needed for a statistical accuracy of ~ 1% for » 3b 120 | 16 |. 16 | 16 | 16 16 48
each target and at each (? .poin't. All targets have are:'sl densities pL‘ =.700 mg/cm?. The 3c 70 | a5 | a5 | a5 | 25 45 135
aggregate amount of beam time is ~ 590 hours. Beam time would be distributed between the

targets roughly as: hydrogen target 236 hours, deuterium target 118 hours, caléium target 118
hours, and empty target 118 hours. Taking into account the time we need for spectrometer
changes and setups, target changes (nuclear and empty), and other contingency factors, we Table 6: Beam time request. Net Beamtime = 590 hours.
request a beam time of 700 hours. Expected errors ~ (2.5)% are presented in Figs. 18 and 19.

This type of accuracy will permit us to distinguish between a quark hadronization mechanism
and the Glauber model at a confidence level > 95%.

3d | 170 | 7 7 7 7 7 21
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3.6 Errors

Because we are measuring pi-meson production cross sections, most of the errors will be centered
around spectrometer acceptances and efficiencies, luminosities, and radiative corrections. Kine-
matic errors such as determining 8., §, 8,, and W should be negligible considering the expected
small angular resolutions (0.5 mr horizontal and 1.0 mr vertical) and momentum resolutions
(1 x 107*) for the HRS2 system in Hall A. k

Errors from the other aforementioned components will depend on how well, in the early life
of using the HRS2 system, can the errors be resolved from either improvements to hardware, or
by analysis techniques, or both. Our expectations for absolute cross section errors run between
2 — 3%; moreover, our goal is to be at the ~ 2% level — which is not that unlikely, considering
that the NE11 group [63] at SLAC have obtained these levels in the past. Also coupled to
this way of thinking would be the expected learning curve of understanding the accelerator

and the spectrometer components as time progresses at CEBAF. Therefore, the expectation for
acheiving the following

(%) = [0.01%(lumin.) + 0.01%(accept.) + 0.01*(charge) + O.Ol")(rad.corr‘.)]1/2 =2% ,
’ abs : . (50)

is not unrealistic.
Systematic uncertainties resulting from model dependencies from physics backgrounds or
multiple scattering contributions have been estimated to be small; furthermore, errors in ex-
tracting quantities relating to information about the space-time evolution of hadronization will

be dealt with during the off-line analysis period when interpretation of the results is being
rendered. o ‘
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3.7 Data Analysis

From a detailed analysis of 7-meson propagation through 10Ca ar}d 208Ph, we proposfe to make
measurements of the nuclear transparency with respect to the different processes of w-meson

electroproduction. These are:
1ot
1. Transparency with respect to 7+-mesons from the process ep — e'n™'n;

oleA o e'rtn(A -1 i
T,r+"(A, QZ) — % [ A ( )] » (51)

a(ep — e'mtn)

Expected experimental results and theoretical predictions are presented in Fig. 18 for

both %Ca and 2%Pb.

9. Nuclear transparency for °Ca and “*Pb nuclei with respect to 7"~mesons from the process
. ep — e'm~(n*p) at an off-line missing mass cut My <.(mp + my); ;
1 do{eA — e [rtp(A—1)]} [ dz

52
Tw'(ﬂp)(A’Qz’z) a do(ep — e'n=(ntp)) [ dz ’ 2

3 N uclear transparency for ‘“’C;L and 2°Pb nuclei with respect to w+—mesons from the process '
. ep — e'nt(xN) at an off-line missing mass cut M, < (my + my); »
1 do{eA — ent{aN(A-1)]} /dz (53)
2 ——
Trem(4,@%2) = A do(ep— ent(xN))/dz .

4. Nuclear transparency for ¥*Ca and **Pb nuclei with k‘rbespect to mt-mesons from the process
. ed = e'm*(rNN) at an off-line missing mass cut Mo < (2mn +m4); =
+ - d
T (A,Q% 2) = 2do{eA - e'mtxN(A 1)]}/d= (54)
N E T AT do(ed — e'mt(mNN)) [ dz

5 Nuclee;r transparency for “dCa and 2°8Pb nuclei with respect to 7*-mesons from the process

1ot
v X 1do(eA — e'rtX) [ dz (55)

Ado(ep - entX)/dz

7 (A, Q% 2) =

6. Nuclear transparency for *Ca and **Pb nuclei with respect to the #wt-mesons from the
process ed — e'mt X
EEE : 2 do(eA— entX)/de R (56

7. In the end, we will make nuclear transparency measurements with respect to the virtual-
. ¥
photons absorption process;

2 gt (eA — €'X) ' 57
Teo(4,Q%) = Aott(ed — €X). 0
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curves: formation time 77 = 0 (Glauber), dashed curves: 77 = 5 fm.
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3.8. Summary

This experiment plans to show that there is a space-tiine characterization for quark hadroniza-
tion processes. If we extract a space-time structure for a quark hadronization process, we can
- then perform the following: '

1. A detailed investigation for transparency of nuclear matter to the electroproduction of’
x+—mesons and the determination of its dependence on the kinematic variables v, @3,

E,+,and z.

2. Extraction of the quark interaction cross section ¢, with internuclear nucleons and examine
its dependence on v and Q2.

3. Finally, obtaining the most adequate explanatlon for the space-time structure of hadron
leptoproductlon is the most salient point of this experlment Included here would be ex-
planations on the fast hadron formatlon time 77 and its dependence on kinematic variables
for leptoproduction processes.

Our émalysis of physics backgrounds concentrated only on contributions from resonarces
and rescattering effects. because these are the most important contributions in the region of
kinematics this proposal is designed. The outcome of these analyses demonstrate that these
c0ntr1but1ons are well understood and. controlled. Of course during off-line analysis of the
“data, we can include Fermi motion of the intranucleus nucleons, contributions from coherent
production of p —mesons from nuclei, radiative corrections, and other processes. Moreover,
because the p°~meson contribution to the inclusive spectra of #*-mesons is not small, we will
try to investigate the nuclear color transparency with respect to the process vVp — p°p [65] and
its influence to the inclusive spectra of m+mesons.

The analysis performed in this section reveals that the goals of this experiment are very
realistic and will lead to more advanced discernment concerning strong interaction dynamics for
‘the transition region in Q2. - :
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4. Conclusion )
Based on the PAC 7 recommendation that we should envision performing this experiment at
a beam energy of 6 GeV to ensure hard virtual photon-quark scattering, we feel that with
a firm understanding of the physics issues and the use of a superb HRS spectrometer system
in Hall A and the CW beam at CEBAF, that our goals can be met with high expectations.
Also, the 6 GeV beam allows us to examine larger values of W with a wider range in Q2.
This kinematic flexibility allows s to perform a detailed analysis on the dependence of the
hadronization parameters 7r and ¢, on the kinematic variables of the virtual photon and the
final pion. :

We would like to once again emphasize ‘that thls document was proposed to investigate

-two very similar, but yet very different phenomena nuclear color: transparency  and quark~

hadronization mechanisms. ln the first case the virtual photon is absorbed by the colorless pion
as a whole via the reaction vVp — 7*n and then the “small-sized pion” propagates through it’s
nuclear environment. In the second case, we have a very different plcture the virtual photon
is absorbed by the color-quark state and then the quark during its'QCD evolutlon mcluswely
transforms to colorless pions. Of course in‘this case z < (0.8 — 0.9), the pions do not possess
such a high momentum as from the reaction v¥p — n*n where z ~ 1.0. The existence or
absence of one of these two phenomena are not connected with the existence or the absence,
respectively, of the other phenomenon. For this reason, these two phenomena need to be treated
and investigated as different physical phenomena; and of course, the formation times rgolor and
72297 for these two different phenomena, need to be considéred as a different and distinct values.
Other CEBAT projects that have been proposed want to study quark hadronization mecha-
nisms with a measurement of the process 7 p— 7¥n. As wé note above, these experiments.can
only obtain information about the nuclear color transparency but not about quark hadronization
mechanisms. To obtain information about the latter, we need to niake méasurements in wider
regions of z; that is, 0.6 < z < 1.0 as we propose to do in this project,

R L L ' !
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Bagama HH.ump. < o 31-94-519

Ly 245 40, 2os
aﬂex-rpr)poqueune Sapﬂ)l(eHHblx nnouou Ha H H Ca u Pb

=~ /s ,

B npouecCax rny6oxoneynpyroro paccesrumr nenronou npu Q2 >> m e
nt mQ = 0 3 I'sB, mQ — Macca ajyiMTHBHOTO KBapkKa, BMpTyaJIbeIH cpo-ron nepenaeT KBapKy
-BCIO CBOIO :—mepmro ¥ BTeUEHHE upeMenuom nnrepua.vra rP =/ Q2 B COOTBETCTBHM C KX,IL ceqenne .
TakOoro npouecca ~l/ Q2 6onee rom, K MOMEHTY Ty v/ m 2>, roqeqnonono6nasr xnapxonasr .

cucTema TOMXHA npeupaura'rbcn B 3/{pOHBI Hopma.vn,nbtx pasmepou B Teuenue BpCMBHHOl"O HMHTEpP-
pama 1, <t <7y Takas Toueuuonouo&ran KEapKOBas WIN 'KBAPK-IJIOOHHAS CUCTEMA Baaumopei-

CTBYET C ﬂllepllblM BB.I.(BCTBOM c Ma.'lblM CEYCHHEM, YTO HPHBOJIHT K YBCJIMQBHH]O BleOJ.Ia aapoHOB

(HanpnMep, -Mesouou) Ha sppax no CpPaBHEHMIO co CyyaeM, KOrAa ajpoHbl (poplxmpyro-rcsr
B TOUKE Baanmoneucrumr BHpTyansHoro ¢oToHa ¢ KBapkoM. TaxoM NpoTsKEHHBI MEXaHHU3M af-

) pormsarrmt xBapxou MOXXET OBITb UCCIEROBAH NP SHEPrHSX | HAYATBHBIX :—mexrponon 6 I‘aB KoTopoe :
;Mox(e'r 6pITE uocmmyro na yckoputene CEBAD. :

"B paﬁore npezmaraercn U3MEPHTE MHKJIIOSUBHEIC cnexrpm anexrpopomem . -Mesouon ua 1H
a TaKxe 7 *_Meaonos Ha 2H, 4°Ca u 2‘me B npoueccax (e,e'7™) npu'l B2 Q2 < 2,5TsB?,

“W=1,92T3B u xB =0, 3 B 3ane ‘A : Ha yckoputene, CEEA(D TMokasano, 41O M3 auanmsa

Qz-sauucm«ocm npoapaquocm nuepnom BeLleCTBa MBI MOXeM nonqub mrcbopmaumo
OTHOCHTENLHO MPOCTPAHCTECHHO-BPEMEHBIX MacurraGax nponecca aupounaauun KBAPKOB. - :
- Patora Bbll‘lOJIlleHa B JIa6opaTopmd BBICOKMX :-mepmu ousu,

Coo6ure}me Oﬁennrreunoro mtc-rm'yra ﬂ}:lepﬂblx nccneuouannn IIy6Ha, 1994

“Badalian N.N. etal. . e St R . .'E1794-5f9

Electroproductton of Charged PlOnS from 1H 2H 40Ca and 208Pb

.

- o In deep tnelastlc scattertng at squared four—momentum transfers Q2 >> m where the mass
Lm of the addtuve quark is m, mQ =03 GeV the vrrtual photon can transfer its energy to the
'quark durtng a ttme rnterval T, = v/ Q2 thh respect to perturbattve QCD the cross sectton for this
. process is ~1/Q moreover. dunng the time interval rF = v/m >>1p, the point- -like conftguratron‘
‘must transform tnto a normal stzed hadron. Between. the time 1nterval <t < Ty this pornt -like
“quark or quark-gluon conftguratton caninteract with nuclear matter with only small cross section. Such

a delayed hadrontzatron mechanism will increase the yield of hadrons (in parttCular, -mesons) )

‘relative to the case when hadron pl‘Odu\.llOﬂ can take pIace at the virtual-photon-quark tnteracuon
| point. This hadromzatton process can be studied at energtes avatlable after ‘the first energy upgradef

at CEBAF namely, ata beam energy of 6.0 GeV. : ;

U We propose .to measure in Hall A the tnclustve electroproductlon of a* -mesons on 'H and
xt -mesons on 2H Ca and zobe uttltztng the (e,e'n™) reaction for 1.0.< Q2 (GeV/c)z 25,
atan tnvarrant energy W > 1. 92 GeV and at x3 =03. From a Q2 dependent analysis of the nuclear
matter transparency, wc can extract tnformatton about the space tlme scale for the mechamsm of quarkk

‘hadromzatton N Eo

The tnvesttgatton has been performed at the Laboratory of Htgh Energtes JINR

Communtcauon of the Jomt Instttute for Nuclear Research Dubna 1994 [ :




